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ABSTRACT 
Fuel cells are being investigated as environmental-friendly, highly efficient 
alternative power sources. Proton conducting membranes play a central role in proton 
exchange membrane fuel cells (PEMFCs), serving as both electrolyte and fuel separator. 
This thesis addresses the design, synthesis and characterization of novel fluorine- 
containing block copolymers, and the preparation and investigation of sulfonated block 
copolymers as model proton exchange membranes (PEMs). 
Poly([vinylidene difluoride-co-hexafluoropropylenel-b-styrene), P[VDF-co- 
HFPI-b-PS, block copolymers have been prepared by a combination of chain transfer 
radical polymerization and atom transfer radical polymerization. The strategy of 
producing trichloromethyl-terminated vinylic polymers by chain transfer polymerization 
has proven useful for the synthesis of macroinitiators for subsequent preparation of novel 
fluorine-containing block copolymers. Another class of block copolymer, based on 
bisphenol A polysulfone and poly(viny1idene fluoride), (PSF-b-PVDF), has also been 
prepared by polycondensation of a ,d ihydroxy  bisphenol A polysulfone precursors and 
a , d i b r o m o  polyvinylidene fluoride. Both families of block copolymers, (P[VDF-co- 
HFPI-b-PS) and (PSF-b-PVDF), were subsequently sulfonated and acidified to yield 
several series of model proton exchange membranes that were used to examine the effect 
of fluorous blocks on membrane morphology and proton conductivity. 
One of the key findings of this work is that the conductivity of block copolymer 
membranes is significantly higher than that of random copolymer membranes indicating 
iii 
that block structures facilitate proton conductivity. Additionally, the conductivity o f  
partially sulfonated P[VDF-co-HFPI-b-PS block copolymer membranes is higher than 
that of non-fluorous block copolymer membranes. The fluoropolymer block segments 
induce formation o f  connected ion channels which results in enhanced proton transport. 
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CHAPTER ONE: SYNTHESIS AND CHARACTERIZATION 
OF BLOCK COPOLYMERS POSSESSING 
FLUOROPOLYMER AND NON-FLUOROPOLYMER 
SEGMENTS 
1.1 Introduction 
1.1.1 Block Copolymers 
Block copolymers are of great scientific and technological importance because 
they display a microphase-separated morphology in which the physicochemical 
properties of individual block components can be realized in a single polymer structure. 
They have attracted considerable attention as thermoplastic elastomers, compatibilizers, 
surfactants, dispersants, emulsifiers, and foam stabilizers [I]. 
When two or more types of monomers are copolymerized, various chain 
architectures can be prepared depending on the monomer reactivity, monomer feeding 
sequence, and synthetic approach. Classified by the architecture of repeat units, typical 
copolymers that can be obtained include random, alternating, block, and graft 
copolymers, as illustrated in Figure 1 using two generic monomers (A and B). 
Block copolymers are linear polymers composed of several long chains of the 
same repeat unit (monomers) covalently bonded. When the components of the block 
copolymers are immiscible, phase separation between the segments occurs. Due to the 
covalent attachment of the chemically dissimilar segments, the size of the phase 
separated domains in block and graft copolymers are typically tens of nanometers. This 
microphase, or nanophase, separation is a characteristic feature that leads to block 
copolymers exhibiting unique properties. The morphology of microphase separation can 

Block copolymers are most often prepared by conventional living polymerization 
techniques, such as anionic and cationic polymerization [3]. However, due to the critical 
reaction conditions required, applications of block copolymers prepared by living 
polymerization are limited. In fact, only a few examples of block copolymers, e.g. 
poly(styrene-b-butylene-b-styrene) (SBS thermoplastic rubber), have been developed and 
used on a large scale. Therefore, controlled radical polymerization has been explored and 
developed over the past decade, and these have proven to be convenient and robust for 
the synthesis of well-defined polymers including block, graft, star, comb, and gradient 
copolymers [4]. Of these, atom transfer radical polymerization (ATRP) has become one 
of the most intensive research areas in polymer chemistry. 
1.1.2 Atom Transfer Radical Polymerization 
Radical polymerization is the most widely used synthetic route for producing 
commercial plastics, rubber, and synthetic fibres. One major drawback of conventional 
radical polymerization is, however, that it results in poor control of molecular weight and 
distribution, limited chain architectures, and composition. 
"Living"/controlled radical polymerization, developed over the last decade, 
provides the ability to prepare structurally well-defined polymers under relatively simple 
reaction conditions using a wide range of monomers [4]. Generally, for a radical 
polymerization to be defined as "living" or controlled, the following experimental 
features should be met: 
1. Linear, first order kinetics with respect to monomer concentration, 
In([M]o/[M]) vs. time; 
2. Linear relationship between molecular weight and monomer conversion; 
3. Low polydispersity; 
4. Functionalized end-groups for all polymer chains, allowing for the 
successive polymerization of additional monomers to form graft or block 
copolymers. 
Almost all recently developed "Living"/controlled radical polymerizations rely on 
an equilibrium between active (M;) and dormant species (Mn-X) as illustrated below: 
kact 
Mn-X + Y , - M,' + X-Y 
Dormant kdeact Active 
The activation of the dormant species (Mn-X) by catalyst Y produces active 
species (M;). The active species (growing radicals) reacts with additional monomer to 
produce propagation chains (Mn+,.). Since kdeact is much larger than kact (kct / kdeact 
10-lo), the concentration of active species at any given time is very low (-lo-' M). 
Therefore, the propagation rate of polymerization is reduced and chain transfer and 
termination are suppressed. As a result, molecular weight and polymer structure are 
controlled. 
Stable free radical, or TEMPO-mediated, polymerization (SFRP) and atom 
transfer radical polymerization (ATRP) are two of the most extensively studied systems 
of "living"/controlled radical polymerization. However, to-date TEMPO-mediated 
polymerization, developed by Georges [5] in 1993, has been limited to styrene and its 
derivatives. Alternatively, styrene, (meth) acrylates, (meth) acrylamides, and 
acrylonitrile have been successfully polymerized by ATRP using simple alkyl halides as 
initiators and transition metals with ligands (2,2'-bipyridine, bpy) as catalysts. The ATRP 
method can be adopted to prepare block, graft, gradient, star, comb, and hyperbranched 
structures [6]. A testament to its usefulness is that more than a thousand papers have been 
published on ATRP since its initial development [7;8] in 1995, indicating it is one of the 
most studied areas in chemistry [9]. 
The mechanism of ATRP is based on the atom transfer radical addition reaction 
(ATRA) [7]. ATRA is commonly used to prepare 1:l adducts of alkyl halides and 
alkenes in organic synthesis. As shown in Figure 3, a reversible redox process, catalyzed 
by a transition metal species (M:/L), abstracts a halogen atom (X) from a dormant 
species (R-X) to generate a radical (R.). This process is controlled by the rate constant of 
activation (kct) and deactivation (heact), with kact being much less than heact. The radical 
(Re), or the active species, then reacts with an alkene (CH2=CHY) to form an 
intermediate active species (RCH2-CHY.). Because heXt is very high the intermediate 
species is immediately transformed into the target product (another dormant species) 
through the deactivation reaction between the intermediate active species and oxidized 
species ( M,"+'xL). When the alkene, or monomer in this case, is in excess, ATRA may 
become ATRP, which depends on the reactivity of the adduct (RCH2CHY-X) toward the 
transition metal species (M:/L). 
kact R-CH2CH-X+M; /L < -+ R-CH2CH' + M,"+'X/L 
I kdeact I 
Figure 3 Mechanism of atom transfer radical addition. 
1.1.3 Synthesis of Block Copolymers via ATRP 
When considering all types of controlled radical polymerization, ATRP is 
considered the most versatile because it allows for the synthesis of polymers with 
controlled molecular architectures including: block, graft/comb, gradient, hyperbranched, 
and other functional polymers, that are not possible using conventional polymerization 
[lo]. An extensive amount of research has been focused on the synthesis of block 
copolymers by ATRP [4] and several reviews written [I 1 - 131. 
Block copolymers are synthesized using ATRP when the initiator is a polymer 
chain, termed macroinitiator, through successive addition of monomers initiated by the 
macroinitiator. A macroinitiator is a polymer terminated with functional groups which 
can be prepared by ATRP or other polymerization mechanisms. In some cases block 
segments are not easily obtained by ATRP, and a combination of ATRP and other 
polymerization mechanisms must be used (mechanism transformation). Typical 
approaches used to create macroinitiators using non-ATRP methods include 
telomerization [l4-17], anionic polymerization [18-201, cationic polymerization 121 ;22], 
stable free radical polymerization (SFRP) [23], ring-opening polymerization (ROP) [24- 
271, photoinduced polymerization [28], and condensation polymerization [29]. Once 
synthesized the macroinitiators are used to prepare block copolymers via ATRP. 
Useful macroinitiators for ATRP are those which contain active bromine or 
chlorine functional groups. If Br or CI atoms are present on the side chains of the 
macroinitiator, graft copolymers may result; or if the Br or CI atoms reside at the chain 
ends of the macroinitiator, block copolymers may be produced. 
Illustrated in Figure 4 is a scheme for the preparation of a styrene block 
copolymer using ATRP initiated by a halogen (X) terminated macroinitiator in the 
presence of a transition metal catalyst ( M ~ + )  and 2,2'-bipyridine (bpy) ligands. 
Pw-4-x 
Macroinitiator 
W X  
Block copolymer 
kact 
+ C u + ( b ~ ~ ) 2 4  L w* + ~ ~ ~ ' ( b p y ) ~  
kdeact 
6 
kact 
L 
4 
+ Cu* (b~~ )24  -* + C U ~ + ( ~ ~ ~ ) ~  
kdeact 
Figure 4 Mechanism for the preparation of block copolymers by ATRP. 
1.1.4 Fluorine-Containing Block Copolymers 
Among various types of block copolymers, those which contain fluoropolymer 
segments are of particular interest because fluoropolymers usually possess high chemical 
and thermal stability, and extremely low surface tension. Hence, the incorporation of 
fluoropolymer block segments into a copolymer increases the chemical resistance and 
thermal stability of the polymer while lowering its surface energy [30;31]. Such block 
copolymers also aid in the miscibility of polymer blends that contain fluoropolymers and 
non-fluoropolymers, by improving the interface between the two dissimilar polymers. At 
the outset of this thesis research, only a few reports of blending fluoropolymers with non- 
fluorinated polymers exist in the literature [28;32]. 
Fluorine-containing block copolymers are also of interest as surfactants for 
polymerizations performed in supercritical carbon dioxide (scCO2) [33;34]. For example, 
poly(fluoroalkyl methacrylate)-b-PMMA block copolymers stabilize dispersion 
polymerization mixtures of MMA in scCO2, leading to higher yields and higher 
molecular weight products. From this, it can be concluded that the synthesis of fluorine- 
containing block copolymer surfactants possessing high molecular weights and high 
fluorine-contents may lead to even better surfactants [33]. 
Despite decades of research, there are only a few examples of block copolymers 
containing fluoro- and non-fluoropolymer sequences. For ease of discussion, all fluorine- 
containing block copolymers can be separated into two classes [35]: (1) side chain 
fluorinated block copolymers, in which fluorinated chains are grafted onto the main chain 
of a non-fluorinated polymer; and (2) main chain fluorinated block copolymers. 
Due to the relative ease of preparation, a number of side chain fluorinated block 
copolymers have been synthesized. For instance, various fluorinated (meth)acrylate 
block copolymers have been prepared by ATRP [3 1 ;36-411; several sets of styrene-based 
semi-fluorinated block copolymers have been synthesized by ATRP [30;34;42;43], 
polystyrene-b-polyisoprene (PS-b-PI) copolymers have been chemically modified by 
difluorocarbene and perfluoroalkyliodide additions [44-461; and block and graft 
copolymers of silicone and perfluorocarbyl vinyl monomers have been prepared using 
photochemical and thermal approaches [47]. Main chain fluorinated block copolymers 
are much more difficult to prepare because fluoromonomers cannot readily be 
synthesized by living ionic polymerization or pseudo-living radical polymerization. Only 
a few examples of main chain fluorinated block copolymers, obtained through 
telomerization of fluoromonomers, have been reported [48-501, and even in this case the 
molecular weight of the fluorine containing block segments is no higher than 2,500 
g/mol . 
Halogenated alkanes, such as CCI3H, CC14 and R-CCI3 derivatives, have been 
employed as initiating species in the ATRP of styrene and (meth)acrylates [14- 16;5 1-53]. 
One approach to prepare fluorinated main chain block copolymers, for use as initiators in 
ATRP, is to synthesize halogen-terminated fluoropolymers by means of telomerization. 
Telomerization of vinylidene difluoride in the presence of BrCF2CF2Br is reported to 
provide a,o-dibrominated PVDF, which was subsequently used to initiate the ATRP of 
styrene to form PS-b-PVDF-b-PS triblock copolymers [50]. Furthermore, PVDF 
terminated with trichloromethyl groups, prepared by telomerization of vinylidene 
difluoride in the presence of chloroform, is reported to initiate the ATRP of styrene, 
methyl methacrylate, methyl acrylate and butyl acrylate, to yield various diblock 
copolymers [48]. The recognized drawback of the telomerization approach is the low 
molecular weight of the fluoropolymer segments obtained. For example, the reported M, 
of the PVDF segment described above is < 2,500 glmol, which is too small for the block 
copolymers to adopt true fluoropolymer characteristics. Therefore it is desirable to 
devise a synthetic methodology for the preparation of halogen-terminated fluoropolymers 
that possess much higher molecular weights than currently available. 
1.1.5 Purpose of this Chapter 
In this chapter a strategy to obtain high molecular weight halogen-terminated 
fluoropolymers based on chain transfer polymerization is demonstrated. It is built on the 
success of the research described above. Specifically, vinylidene difluoride (VDF) and 
hexafluoropropylene (HFP) were copolymerized by emulsion copolymerization in the 
presence of a halogenated chain transfer agent, chloroform, in an effort to prepare 
poly(VDF-co-HFP) possessing halogenated termini as illustrated in Figure 5 (1-1 
represents initiator and M represents monomer). The mechanism of chain transfer radical 
polymerization was adopted from the chloroform telomerization [54]. The fluoropolymer 
macroinitiators prepared were then used to initiate the ATRP of styrene or MMA to form 
block copolymers P(VDF-co-HFP)-b-PS and P(VDF-co-HFP)-b-PMMA, respectively 
according to the mechanism shown in Figure 6. As discussed in Chapter 1 . I  .3, there is 
no previous report on the preparation of block copolymers through a combination of 
chain transfer radical polymerization and ATRP. This is the first attempt to synthesize 
block copolymers using this approach. 
A 1-1' 2 1 .  
1. + CHC13 - IH + CCI~* 
I 
*f M ~ C I ~  + C H C 1 3  Hf M ~ C C I ~  + CC13 
Macroinitiator 
Figure 5 Mechanism of chain transfer polymerization using chloroform as the chain 
transfer agent. 
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1.2 Experimental Section 
1.2.1 Materials 
Vinylidene difluoride (VDF, Lancaster Synthesis, 99+%), hexafluoropropylene 
(HFP, Aldrich, 99+%), potassium persulfate (KPS, Allied Chemical, reagent grade), 
sodium metabisulfite (Anachemia, anhydrous, reagent grade), pentadecafluorooctanoic 
acid (Aldrich, 96%), chloroform (Caledon, spectro grade), 2,2'-dipyridyl (bpy, Aldrich, 
99+%), and copper (I) chloride (CuCI, Aldrich, 99.995+%) were used as received. 
Styrene (St, Aldrich, 99+%) and methyl methacrylate (MMA, BDH, reagent grade) were 
washed twice with aq. 5% NaOH, twice with water, dried over night with MgS04, 
distilled in the presence of CaH2 at 40 "C under reduced pressure and stored under N2 at - 
20 "C. n-Butyl acetate (Caledon, reagent grade) was refluxed with small portions of 
KMn04, distilled in the presence of CaH2 under reduced pressure, and stored under N2 at 
-20 "C. 
1.2.2 Chain Transfer Emulsion Polymerization 
Since VDF and HFP are flammable gases at ambient temperature, with boiling 
points of -85 "C and -30 "C respectively, and the pressure of VDF employed was -35 
atmospheres (-500 psi), polymerization of VDF and HFP was carried out in a high 
pressure vessel. A high pressure emulsion copolymerization apparatus was designed and 
built in-house, (see Figure 7), utilizing a commercial 160 mL Parr pressure vessel (Parr 
Instruments). The pressure vessel was equipped with a 600 psi pressure relief valve and a 
magnetic stir bar, and immersed in an oil bath on top of a hot platelstirrer. A dropping 
funnel was used to control the entry and exit of liquid to and from the pressure vessel via 
a stainless steel tube which was inserted into the top of the vessel and extended to the 

The procedure for polymerization was as follows. To the evacuated 160 mL 
pressure vessel, a mixture of 100 mL water, 0.80 g KPS, 0.58 g NazS205, 0.04 g 
pentadecafluorooctanoic acid, and the required amount of chloroform, or other chain 
transfer agents, were added. An initial monomer mixture comprised of 45 mol% HFP and 
55 mol% VDF was introduced into the reactor. The temperature was maintained at 55 OC 
and the pressure maintained at 300 psi by supplying to the vessel a supplemental 
monomer mixture of 20 mol% HFP and 80 mol% VDF. Reaction times varied from 4 to 
10 hours depending on the concentration of the chain transfer agent. The resulting 
polymer latex was coagulated by freezing and the fluoropolymer was washed with water 
and ethanol. To remove low molecular weight species, such as surfactants and telomers, 
the crude polymer was purified by repeated dissolution in acetone and re-precipitation 
from ethanol. In the case of lower molecular weight polymers (M,<6,500 glmol), hexane 
was used as the precipitation solvent. Samples were dried at 50-60 OC under vacuum to 
yield white polymers. The chemical structure of P(VDF-co-HFP) copolymers was 
confirmed by ' 9 ~  NMR (d6-acetone) 6 (ppm): -74.7, -CF2-CF(CF3*)-CH2-CF2-; -90.9, - 
CH2-CF2*-CH2-CF2-; -109.9 (-CH2-CF2*- CF2-CF(CF3)-; -117.9, -CH2-CF2- CF2*- 
CF(CF3)-; -183.5, -CF2-CF*(CF3)-CH2-CF2-. The compositions of P(VDF-co-HFP) 
copolymers were calculated, using ' 9 ~  NMR spectra and published methods [55], to be 
16 * 2% mol% HFP and 84 * 2% mol% VDF. For example, as shown in Figure 8, the 
' 9 ~  NMR of P(VDF-co-HFP) copolymer exhibited four regions of peaks: S1, S2, S3, and 
S4. S1 and S4 are assigned to -CF3* and -CF*(CF3)-, which are only present because of 
the HFP in the copolymer. The relative number of HFP repeat units was therefore 
determined by the average of the integrated area of 1/3(S1) and S4, as shown in equation 
Peak regions S2 and S4 are assigned to -CF2- which is found in both VDF and 
HFP (repeat units -CH2-CF2*- and -CF2*-CF(CF3)-). Therefore, the relative number of 
VDF repeat units was calculated using equation 2, 
"?J,-~~'m~n~i~o"~~i~m-'i~Omn~i~o'11~i\'o""-~ikT1~~i~Om"~i$o 
Figure 8 I9F NMR spectrum of P(VDF-co-HFP) polymer 
1.2.3 Atom Transfer Radical Polymerization 
The trichloromethyl-terminated fluoropolymer (macroinitiator), solvent, catalyst, 
and monomer were introduced into a 25 mL round bottom flask equipped with a stopcock 
and a magnetic stir bar. Reactant quantities and specific reaction conditions are provided 
in the results section. Following three freeze-pump-thaw cycles, the reaction mixture was 
heated under a nitrogen blanket to either 110 "C, in the presence of the macroinitiators 
possessing trichloromethyl end groups, or 90•‹C, in the presence of the macroinitiators 
possessing bromine end groups. During reaction, the solution appeared dark brown for 
ATRP of styrene and dark green for MMA. 
In order to control the length of polystyrene chains, the incorporation of styrene 
was monitored by IR using small amounts of samples taken from the ATRP solution 
followed by precipitation from ethanol. The peak at 699 cm-' is due to an asymmetrical 
C-H stretch in unsubstituted phenyl rings and increases in intensity with an increase in PS 
content in the polymer. 
The polymerization was terminated by dissolving the mixture in THF, followed 
by precipitation in ethanol. The copolymer was further purified using a THFIsilica gel 60 
(EM Science) column. Individual reaction conditions and yields are presented in later 
sections of this report. 
P(VDF-co-HFP) copolymers were insoluble in chloroform whereas the block 
copolymers, for which the polystyrene segment length was comparable or greater than 
that of the fluoropolymer, were soluble. Unreacted macroinitiator was therefore readily 
separated and quantified. It was found that > 98% of the (trichloromethyl terminated) 
macroinitiator was incorporated into block copolymers. 
1.2.4 Measurements and Characterization 
Gel permeation chromatography (GPC) was performed using three p-Styragel 
columns, a Waters 510 HPLC, polystyrene standards, THF eluant, and a Waters 410 
Differential Refractometer. 'H NMR spectra were recorded on a 400-MHz Bruker 
AMX400 spectrometer in d6-acetone, 1 9 ~  NMR spectra were recorded on a Bruker AC- 
200 spectrometer and chemical shifts were measured with respect to 
trichlorofluoromethane (CFC13). DSC measurements were carried out using a heating 
rate of 10 "C/min from -100 "C to 200 "C using - 12 mg samples, on a SII, EXSTAR 
6000-DSC 6200 (Seiko Instruments Inc.). Elemental analysis was performed by Canadian 
Microanalytic Services Ltd., Vancouver. 
Samples for transmission electron microscopy (TEM) were prepared as follows: 
Polymer films, -0.1 mm thick, were cast from THF solutions and stained with ruthenium 
tetroxide (Ru04) vapour for 4 hours. The Ru04 staining solution was prepared in situ by 
dissolving 0.04 g RuCI3.3H20 (Aldrich) in 2 mL sodium hypochlorite solution (Aldrich) 
[56;57]. Samples were embedded in Spurr's epoxy resin, sectioned to yield - 100 nm 
thick slices, using a Reichert OM3 microtome, and picked up on copper grids. Electron 
micrographs were obtained using a Hitachi H7600 Transmission Electron Microscope 
with an accelerating voltage of 80 kV. 
1.3 Results and Discussion 
1.3.1 Synthesis of Macroinitiators by Chloroform 
Emulsion copolymerization of VDF and HFP using CC13H as the chain transfer 
agent was carried out as described above. An important consideration in this work is the 
necessity of synthesizing trichloromethyl-terminated fluoropolymers that are soluble in 
solvents compatible with ATRP. Unfortunately, many fluoropolymers exhibit poor 
solubility in common solvents. Polytetrafluoroethylene (PTFE), a highly crystalline 
polymer, is insoluble in all solvents. Polyvinylidene difluoride (PVDF), a partially 
crystalline polymer, is soluble only in dipolar aprotic solvents such as DMA, DMF, 
DMSO, and NMP [58]. The solubility of PVDF in common solvents is known to be 
improved by incorporating small amounts of hexafluoropropylene (HFP), which disrupts 
crystallinity. VDF was therefore copolymerized with HFP, via chain transfer emulsion 
polymerization in the presence of chloroform, to form readily soluble, fluorine-containing 
macroinitiators. It was found that 16 mol% HFP was sufficient to render the copolymers 
soluble in solvents such as acetone, THF, and ethyl acetate. 
Table 1 lists molecular weights and polydispersity indices, as estimated by GPC, 
of fluoropolymer macroinitiators as a function of concentration of chain transfer agent. 
Consistent with the theory of chain transfer polymerization, it is observed that molecular 
weight increases as [CC13H] decreases. The polydispersity index also increases with 
decreasing [CC13H] but remains < 1.5, except for the highest molecular weight polymers 
obtained. The molecular weight of macroinitiators produced varied from 2,000 to 25,000 
glmol depending on the concentration of chloroform. When the concentration of 
chloroform in the polymerization was zero (Polymer 8, Table I), the resulting copolymer 
was not completely soluble in THF and formed a gel, presumably due to cross-linking. 
Table 1 Effect of concentration of chain transfer agent (chloroform) on the emulsion 
polymerization of VDF and HFP 
P(VDF-co-HFP) [CC13H] (M) M, (glmol) " PDI C1 wt%' M,, (g/mol)d 
a: determined by GPC using polystyrene standards 
b: polydispersity index (M,jM,) 
c: determined by Elemental Analysis 
d: calculated from the chlorine content, assuming each polymer chain possesses one CCl, 
terminal group, M,=[(CI wt. fraction)"x35.45 g/molx3] 
e: gelatinous and insoluble in THF 
It was intended that the fluoropolymers synthesized would possess both H- and 
CC13- termini. Firstly, the composition of initiator and chain transfer agent were chosen 
so that monomer polymerization was initiated by f C 1 3  radicals rather than persulfate 
radicals. This was achieved by having the concentration of CC13H much higher than 
dissolved monomer so that persulfate radicals, produced by thermolysis, preferentially 
abstracted H atoms from CC13H, forming 'CC13. Secondly, due to the very low 
concentration of radicals in radical polymerization, the concentration of CC13H was much 
larger than either f C 1 3  or polymer radicals, resulting in termination of propagating 
polymer radicals by chain transfer from CC13H rather than radical-radical coupling. 
The chlorine content of each polymer was determined by elemental analysis. 
With the assumption that each fluoropolymer is terminated by a trichloromethyl group, 
the number-average molecular weight was calculated using: M,,=(I/CI wt. fraction) 
x35.45 gImolx3. The molecular weights determined by GPC are 20-30 % lower than 
those calculated based on chlorine content. The discrepancy most likely results from the 
use of polystyrene standards in the GPC analysis and the absence of reliable K and a 
values for P(VDF-co-HFP) copolymers. 
1.3.2 Synthesis of Macroinitiators by Other Chain Transfer Agents 
Carbon tetrachloride (CC4) has been previously reported to be a useful 
bifunctional initiator for the ATRP of styrene in the presence of C~Cl(bpy)~ ,  where the 
trichloromethylated ends had been proven to be activated initiation sites for ATRP [51]. 
Also, dibromotetrafluoroethane (DBTFE) has been successfully used as a telogen to 
prepare a bifunctional telomer macroinitiator for the ATRP of styrene [59]. In order to 
investigate the effect of the chain transfer agent, on the ability to form macroinitiators for 
ATRP, CC4,  DBTFE and 1-bromohexane were used as chain transfer agents in the 
emulsion copolymerization of VDF and HFP. The dependence of molecular weight of the 
polymers produced on the concentration of chain transfer agent and their ability to initiate 
ATRP of styrene is illustrated in Table 2. 
By comparing the molecular weight of the polymers listed Table 2 with those in 
Table 1, that used a similar concentration of chain transfer agents, the efficiency of chain 
transfer can be observed. For example, the molecular weight of polymer 4 in Table 1 was 
8,100 glmol, when the concentration of CC13H was 0.062 M; the molecular weight of the 
corresponding polymer in Table 2 was 3,000 g/mol, when the concentration of CC14 was 
0.05 M; and the molecular weight of the 4' polymer listed in Table 2 was 16,600 g/mol, 
when the concentration of BrCF2CF2Br was 0.05 M. Using this comparison it can be 
concluded that the efficiency of chain transfer agents is CC14 > CC13H > BrCF2CF2Br > 
Table 2 Effect of other chain transfer agents on the emulsion polymerization of VDF and 
HFP 
Chain Tranfer Concentration Mna M,/M,~ Cl ,'% BrW% ATRP 
Agent (M) (glmol) Test 
Cc14 0.10 1,700 1.36 2.50 Yes 
CC4 0.05 3,000 1.43 3.90 Yes 
BrC2F4Br 0.16 4,300 1.42 - 1.20 Yes 
a: determined by GPC using polystyrene standards. 
b: polydispersity index (MJM,). 
c: determined by Elemental Analysis. 
d: ATRP of styrene, T= 1 10 "C for C1 macroinitiators or T=90 "C for Br macroinitiators, 24 hr. 
e: gelatinous and insoluble in THF. 
The ability of macroinitiators listed in Table 2 to initiate the ATRP of styrene was 
examined under the similar conditions (details discussed in Section 1.3.4). Polymers 
obtained using CC14 as a chain transfer agent yielded efficient macroinitiators, whereas 
only the lower molecular weight polymer (M, =4,300 glmol) was obtained with 
macroinitiators prepared using BrCF2CF2Br. Unfortunately, none of the polymers 
prepared using C6H13Br chain transfer agent was able to initiate ATRP of styrene. 
Both CC14 and BrCF2CF2Br are bi-functional telogens, therefore macroinitiators 
prepared using CC14 and BrCF2CF2Br could possibly contain a mixture of bi-functional 
and mono-functional end groups. Since it is impossible to separate the bi- and mono- 
functional macroinitiators, the block copolymers initiated using these macroinitiators in 
the ATRP of styrene may contain triblock copolymers. Furthermore, it is difficult to 
separate triblock copolymers from diblocks and they cannot be distinguished from each 
other spectroscopically when contained in the mixture. Because the exact composition of 
the bi- and mono-functional macroinitiators could not be determined, macroinitiators 
prepared by polymerization using chain transfer agents other than chloroform were not 
investigated further. 
1.3.3 End-group Analysis for Macroinitiators 
Due to favourable hydrogen atom transfer, chloroform is an ideal telogen to 
synthesize telomers with trichloromethylated end groups and a good chain transfer agent 
to control the molecular weight of macromolecules. The aim of chain transfer emulsion 
polymerization by chloroform is to produce pure mono-functional trichloromethylated 
macroinitiators with maximum molecular weights. An idealized mechanistic pathway to 
prepare trichloromethylated macroinitiators is shown in Figure 5. In fact, there is another 
possible pathway that can be taken following thermal decomposition of the initiator (1-1) 
which would generate polymer chains initiated by initiator fragments (I.), and this is 
illustrated by the Pathway 2, Figure 9. This pathway produces polymers with end groups 
that cannot initiate ATRP of styrene. 
Pathway 1 : 
Pathway 2: 
C C I ~ ~ M - ) '  n + CC1,H - C C I ~ ~ M ~ H  n + CC],. 
Macroinitiator 
Figure 9 Mechanism of polymerization initiated by radicals (I=initiator; M=monomer). 
Pathways 1 and 2 shown in Figure 9 represent two competing reactions. The 
dominance of one path over the other is dependant on the [CCI3H]/[M] ratio for the 
particular polymerization system under study. A high ratio of [CC13H]/[M] is necessary 
to acquire high purity of functional trichloromethylated macroinitiators. However, for 
telomerization reactions, a high ratio of [CCI3H]/[M] results in low molecular weight 
functional telomers. If a higher molecular weight is targeted, the amount of polymer 
chains initiated by initiator (I.) through the pathway 2 in Figure 9 increases as 
[CCI3H]/[M] is decreased. This is the major limitation of telomerization. 
Under the emulsion copolymerization conditions employed, monomers (VDF and 
HFP) are gases that are not highly soluble. The concentration of monomers in emulsion 
polymerization is controlled by the rate of their dissolution in water and diffusion to the 
polymerization sites. On the other hand, chloroform is a liquid and exists as droplets in 
the polymerization phase. The concentration of chloroform liquid droplets is always 
higher than the concentration of gaseous VDF or HFP in the water phase. As a result, the 
[CC13H]/[M] ratio always remains high when the monomers for emulsion polymerization 
are gaseous and high molecular weight macroinitiators with high purity should be 
obtainable. 
Although polystyrene, and block copolymers containing longer PS chains than the 
length of macroinitiator chains, can be dissolved in chloroform, pure P(VDF-co-HFP) 
macroinitiators are insoluble in chloroform. By taking advantage of this difference in 
solubility, unreacted P(VDF-co-HFP) can be separated from the block copolymer 
product. In this way, the purity of the macroinitiator (P) discussed above can be 
determined using the following equation: 
P = ws x 100% 
(Mn(b) Mn(Macro)) ' ?Macro) (3) 
where W, and W(Macro) are the masses of block copolymers (dissolved in chloroform) and 
unreacted P(VDF-co-HFP) respectively, Mn(b) and Mn(Macro) are the number average 
molecular weights of block copolymers and macroinitiators, respectively. 
The purity of macroinitiators prepared using CC13H as a chain transfer agent, and 
subsequently used to synthesize Polymer 3 and Polymer 5 reported in Table 1, were 
estimated to be 99% and 98%, respectively. Macroinitiators prepared using CC14 as a 
chain transfer agent (0.05 M) in Table 2, possessed a purity of 99% while macroinitiators 
using BrCF2CF2Br as a chain transfer agent (0.16 M) in Table 2, were only 69% pure. 
The presence of the trichloromethyl terminal group was confirmed by 'H NMR of 
fluoropolymer #5 (Table 1). Peaks at 2.8-3.5 pprn are due to head-to-tail structures of 
VDF sequences, while peaks observed between 2.3 and 2.6 pprn are due to head-to-head 
or tail-to-tail structures of VDF sequences[60]. The small peaks between 3.7 and 3.8 pprn 
(see inset) are due to trichloromethyl structures of - C F ~ - C H ~ * - C F ~ - C C ~ ~  or -cF~-CH~* - 
CC13. Small peaks between 6.2 and 6.4 pprn are also observed which are associated with 
H-terminated chain ends (-CF~-CH~-CF~H* or -cH~-CH~-CF~H*) [50]. In principle, the 
ratio of integrated signals between 3.7 and 3.8 pprn and between 6.2 and 6.4 pprn should 
provide an estimate of the ratio of CCl3- to H-terminated fluoropolymer chains. 
Although the low signal to noise ratio diminishes the method's accuracy, it was used to 
calculate a ratio of CC13- to H-terminated fluoropolymer chains of 1.6 * 0.5, which is 
interpreted as providing reasonable evidence that one terminal group is not in large 
excess of the other. Small peaks due to K O - ~ 0 2 - 0 - C H ~ * - C F ~ -  terminal groups were 
observed at 4.7-4.8 ppm. The ratio of integrals indicates a ratio of CC13- termini to 
persulfate termini of 1 :0.04, which means at least 96% of fluoropolymer chains possess 
CC13- termini. This is consistent with the observation that >98% of the fluoropolymer 
initiated ATRP polymerization of vinyl monomers, as indicated above. 
Figure 10 'H NMR spectrum of P(VDF-co-HFP) macroinitiator (Polymer #5, Table 1, 
M,=14,000 glmol). 
1.3.4 Block Copolymerization of P(VDF-co-HFP) with Styrene via ATRP 
CC13-terminated P(VDF-co-HFP) copolymers (polymers 1-7, Table 1) initiated 
the ATRP of styrene according to procedure shown in Figure 6. Table 3 lists monomer 
feed ratios, reactant concentrations, and reaction conditions employed. For reasons 
discussed in Chapter 2, the aim of this work was to prepare block copolymers with 
relatively short polystyrene block lengths. Hence, some polymerizations were terminated 
prior to maximum conversion. One of the features of ATRP is that molecular weights 
can be predetermined by the ratio of consumed monomer to initiator concentration. The 
estimated molecular weights of the block copolymers were calculated using Equation 4: 
where M, and M,(,,,,~, represent the theoretical and macroinitiator number-average 
molecular weights; is the molecular weight of styrene; [St], and [Macro], are the 
initial styrene and macroinitiator concentrations; and C represents % conversion of 
styrene. As observed in Table 3, calculated values were in reasonable agreement when 
compared to experimentally estimated values obtained by GPC. 
M~ = Mn(Mocro) + . M , , ,  . C(%) [Macro] 
Verification that the polymerization proceeds via ATRP, according to Figure 6, 
was provided by monitoring the evolution of GPC curves as a function of monomer 
conversion. This is demonstrated in Figure 11 for block copolymers prepared from 
Polymer #5 in Table 1, which possesses an M, of 14,000 glmol and PDI of 1.43. Curves 
a to f show the evolution of the GPC curves upon initiation and propagation of styrene. 
The curves shift left with monomer conversion indicating a gradual increase in molecular 
weight. At high monomer conversion a minor peak was observed at an elution time of 14 
min representing a much larger molecular weight polymer (M,= 850,000 glmol). The 
mass fraction of this higher molecular weight polymer was calculated to be only 2.5 wt% 
of the total polymer obtained and its mole fraction therefore, significantly less. 
Ta
bl
e 3
 
A
TR
P 
of
 st
yr
en
e i
ni
tia
te
d 
by
 p
ol
y(V
DF
-co
-H
FP
) m
a
cr
o
in
iti
at
or
s (
for
 m
o
le
cu
la
r w
ei
gh
t o
f m
ac
ro
in
iti
at
or
s, 
se
e 
Ta
bl
e 
1).
 
[S
t], 
[b
py
] 
[M
ac
ro]
, 
Ti
m
e 
Co
nv
er
sio
n 
"
 
P(
VD
F-
co
-H
FP
)-b
-P
S 
P(
VD
F-
CO
-H
FP
) 
(M
) 
(M
I 
(M
) 
(h)
 
(W
 
M
n(g
/m
ol)
 
M
a
n
 
M
n(g
/m
ol)
 
Po
ly
m
er
 1
 
4.
1 
0.
37
 
0.
05
 1 
24
 
96
.7
 
10
,6
00
 
1.
3 
9,
90
0 
Po
ly
m
er
 2
 
3.
3 
0.
42
 
0.
08
0 
3 3
 
78
.5
 
7,
50
0 
1.
2 
7,
30
0 
Po
ly
m
er
 3
 
4.
8 
0.
32
 
0.
02
9 
19
 
62
.2
 
17
,0
00
 
1.
3 
17
,2
00
 
Po
ly
m
er
 4
 
2.
1 
0.
35
 
0.
03
3 
24
 
64
.4
 
1 1
,9
00
 
1.
4 
12
,3
00
 
h
, 
00
 
Po
ly
m
er
 5
 
4.
6 
0.
18
 
0.
00
7 
24
 
24
.3
 
23
,1
00
 
1.
4 
30
,6
00
 
Po
ly
m
er
 6
 
1.
8 
0.
18
 
0.
01
5 
7 
18
.6
 
1 8
,0
00
 
1.
5 
19
,0
00
 
Po
ly
m
er
 7
 
3.
1 
0.
33
 
0.
00
7 
3 9
 
21
.6
 
28
,3
00
 
1.
5 
34
,8
00
 
a:
 c
o
n
v
er
sio
ns
 w
er
e 
ca
lc
ul
at
ed
 g
ra
vi
m
et
ric
al
ly
. 
b:
 d
et
er
m
in
ed
 by
 G
PC
 u
sin
g 
po
ly
sty
re
ne
 st
an
da
rd
s. 
c:
 th
eo
re
tic
al
 m
o
le
cu
la
r w
ei
gh
t, 
ca
lc
ul
at
ed
 us
in
g 
Eq
ua
tio
n 
4.
 
No evidence, such as multimodal GPC peaks suggesting double or triple initiation 
at the CC13 terminus, was observed either for the polymers reported, or for numerous 
other polymers prepared (but not reported) in this study. Neither has such evidence been 
observed in other studies of -CC13 macroinitiators [48;61;62] and therefore it is implicitly 
accepted that the terminal groups are single initiator units. 
f Conversion 8 1.2% 
Mn=48,400, M,,/Mn=l 0 
- 
e Conversion 43.2% 
Mn=3 1,100, MJMn= 1.3 8 
d Conversion 29.7% 
Mn=26,400, M,,/Mni 1.39 
c Conversion 24.3% 
Mn=23, 100, M,,/Mni1 -35 
- - 
b Conversion 12.7% 
I I I I I I 
5 10 15 20 25 30 
Elution time (min) 
Figure 11 Evolution of GPC traces for the ATRP of styrene as a function of monomer 
conversion using P(VDF-co-HFP) macroinitiator (Polymer #5 ,  Table 1, M,=14,000 glmol). 
[~acroinitiator],=7.0~ 10" M, [bpy]=3[CuCl]=O. 18 M, [St],=4.6 M. Solvent: butyl acetate, T= 
110 "C. 
Figure 12 shows a plot of GPC-determined molecular weight and polydispersity 
index as a function of monomer conversion for block copolymers prepared from Polymer 
#5, Table 1. While M, increases linearly, polydispersity index remains low across the 
conversion range studied. Also shown in Figure 12 is the evolution of theoretical M,. 
The theoretical values are higher than the experimental, which is due to the GPC 
technique underestimating M, because the fluoropolymer segments have lower 
hydrodynamic volumes compared to polystyrene homopolymers. In both cases, however, 
a linear relationship exists which implies that the trichloromethyl-terminated 
fluoropolymer does indeed initiate the controlled radical polymerization of styrene. 
Monomer Conversion (%) 
Figure 12 Dependence of M, and polydispersity index on monomer conversion for the 
ATRP of styrene using P(VDF-co-HFP) macroinitiator (Polymer #5, Table 1, the same 
conditions apply as provided in Figure 11). Theoretical values, M,, were calculated using 
Equation 4. 
Figure 13 is a plot of In([M,]/[M]) as a function of time. The linear relationship 
indicates that the polymerization is first-order with respect to monomer and that the 
concentration of active species is constant throughout the reaction. 
0 20 40 60 80 100 120 
Time (h) 
Figure 13 Dependence of monomer conversion on reaction time, and first-order plots for 
the ATRP of styrene using P(VDF-co-HFP) macroinitiator (Polymer #5,  Table 1, the same 
conditions as provided in Figure 11). 
In order to investigate the ability to initiate ATRP of styrene for the 
macroinitiators prepared from other chain transfer agents, the P(VDF-co-HFP) 
copolymers in Table 2 were used to perform ATRP of styrene. The results and the 
reaction conditions are shown in Table 4. It was found that the macroinitiator with lower 
molecular weight, from BrCF2CF2Br, was successful (M, =4,300 glmole) but the 
macroinitiator obtained using C6HI3Br, failed to initiate the ATRP reaction. The failure 
of C6HI3Br and BrCF2CF2Br (16,600) has been attributed to the low bromine content of 
these macroinitiators (less than 0.8 wt %). 
Table 4 ATRP of styrene initiated by poly(VDF-co-HFP) macroinitiators listed in Table 
2 
P(VDF-CQ-HFP) 
(Chain transfer agent 
4,) 
[Stlo b y ]  * ~ C T O ] ~  Time Conversiona P(VDF-co-HFP)-bPS or 
PSbP(VDF-CO-HFP)-bps 
(M) 0 ( h/r) 0 (%I h4n(g/m0l)~ Mw/Mnb h4n(g/mol) 
a: conversions were calculated gravimetrically. 
b: determined by GPC using polystyrene standards. 
c: theoretical molecular weight, calculated using Equation 4 . 
d: [bpy]=3[CuCl] for polymers with C1 end-groups) or [bpy]=3[CuBr] for polymers 
with Br end-groups. 
The molecular weights obtained by GPC and those calculated using equation 4 
were significantly different, unlike the comparisons listed in Table 3, indicating the 
polymerization mechanisms referred to in Table 4 are much more complicated. It is well 
known that both CC14 and BrCF2CF2Br are bi-functional telogens that could potentially 
produce a mixture of bi-functional and mono-functional end groups. For this reason 
macroinitiators prepared by polymerization from chain transfer agents other than 
chloroform were not studied further. Nevertheless, it is worthwhile mentioning that the 
block copolymer synthesized by ATRP of styrene, using the Br terminated macroinitiator 
(Mn=4,300 glmol, Table 2), possessed a narrow molecular weight distribution 
(Mn=13,300 glmol, Mw/Mn=1.19), although the polymerization progressed slowly 
(monomer conversion: 5.9 %). 
1.3.5 Block Copolymerization of P(VDF-co-HFP) with MMA via ATRP 
In a similar manner to the preparation of fluoropolymer-polystyrene block 
copolymers, P(VDF-co-HFP) macroinitiators were found to initiate the ATRP of MMA. 
The increasing molecular weight of the macroinitiator following initiation and 
propagation of MMA is shown in Figure 14. Due to the relative ease of activation of the 
dormant species [9], ATRP of MMA was much faster than styrene. For example, it took 
only 2.3 hours to reach > 80% MMA conversion, whereas it took 104 hours for styrene, 
under the same conditions. 
An attempt was made to synthesize a three-component block copolymer using 
purified P(VDF-co-HFP)-b-PS block copolymer to initiate the ATRP of MMA. GPC 
traces of P (VDF-co-HFP) macroinitiator, P(VDF-co-HFP)-b-PS macroinitiator, and P 
(VDF-co-HFP)-b-PS-b-PMMA triblock copolymer are shown in Figure 15. The GPC 
trace of this triblock copolymer indicates a wide polydispersity (Mw/M,=1.6). By 
examining the GPC curve carefully it can be observed that some of the P(VDF-co-HFP)- 
b-PS macroinitiator still in the final product, which leads to the possibility that 
termination reactions occur during the polymerization. 
Elution time (min) 
Figure 14 GPC traces of P(VDF-co-HFP)-b-PMMA block copolymer and P(VDF-co-HFP) 
macroinitiator (Polymer #5, Table 1, M,=14,000 glmol). Reaction conditions: 
[~acroinitiator],=7.0~ 1 o - ~  M, [bpy]=3 [CuCI]=O. 18 M, [MMA],=4.6 M. Solvent: butyl acetate, 
T= 110 "C, Time 2.3 h; MMA conversion: 82.3%. 
P(VDF-CO-HFP>b-PSt, 
Mn=7500, Mw/Mn=l .ZI 
Poly(VDF-CO-HFP) 
Mn=3900, Mw/Mn=1.29 (Negative) 
I I I I 
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Elution time (min) 
Figure 15 GPC traces of P(VDF-co-HFP)-b-PS-b-PMMA block copolymer, P(VDF-co- 
HFP)-b-PMMA block copolymer and P(VDF-co-HFP) macroinitiator. Reaction condition 
for P(VDF-co-HFP)-b-PS block copolymer: [Macroinitiator],=8.0~ 1 0 ' ~  M, [bpy]=2[CuC1]=0.42 
M, [St],, =3.3 M, solvent: butyl acetate, time: 39 h, T= 110 "C, monomer conversion of styrene: 
78.5%; Reaction condition for P(VDF-co-HFP)-b-PS-b-PMMA triblock copolymer: 
[Macroinitiator],=2.3~ M, [bpy]=2[CuC1]=0.36 M, [St],=2.6 M, solvent: butyl acetate, time: 
24 h, T= 110 "C, monomer conversion of MMA: >99%. 
1.3.6 Characterization of Block Copolymers 
Figure 16 shows typical 'H NMR spectra of a P(VDF-co-HFP) macroinitiator 
(Figure 16a), a P(VDF-co-HFP)-b-PS block copolymer (Figure 16b), and a P(VDF-co- 
HFP)-b-PMMA block copolymer (Figure 16c). The groups of peaks at 3.5-2.3 ppm, in 
the spectrum corresponding to P(VDF-co-HFP) macroinitiator, are attributed to head-tail, 
head-head, tail-tail structures of VDF sequences, and to protons of VDF associated with 
HFP. The same signature peaks are present in the block copolymers (Figure 16b and 
Figure 16c). P(VDF-co-HFP)-b-PS possesses additional peaks at 7.4-6.5 pprn (aryl, 5H), 
1.3-1.7 pprn (methylene, 2H) and 1.8-2.0 pprn (benzylic, 1H). Similarly, as shown in 
Figure 16c, additional peaks assigned to PMMA at 3.6 pprn (ester methyl, 3H), 0.8-1.3 
pprn (methyl, 3H), and 1.8-2.1 pprn (methylene, 2H) are observed for P(VDF-co-HFP)-b- 
PMMA. The peaks for the PMMA sequence agree with those provided in the literature 
[611. 
g a acetone 
C 
P(VDF-co-HFP)-b-PMMA 
b 
P(VDF-co-HFP 
a 
P(VD F -co-HFP 
do1 7 : s '  7!01 6 ! 5 '  6!01 5 ! 5 '  5!o1 4!5' 4!01 3 : s '  3!01 2:s' 2!01 ' i !51 ' i !0 '  0!5' I '  
PPM 
Figure 16 400 MHz 'H NMR spectra of fluorine-containing block copolymers. Solvent, d6- 
acetone. 
The glass transition temperatures of P(VDF-co-HFP)-b-PS and P(VDF-co-HFP)- 
b-PMMA, initiated by the same fluorine-containing macroinitiator (M,=14,000), were 
determined by DSC. It is clear from the DSC curves of P(VDF-co-HFP)-b-PS 
(Mn=26,400 glmol) and P(VDF-co-HFP)-b-PMMA (Mn=100,300 glmol), shown in 
Figure 17, that two glass transition temperatures exist for both polymers. 
Previous studies by Bonardelli et al [63] indicate that the T, of P(VDF-co-HFP) 
copolymers possessing HFP contents of 11 mol% and 16.3 mol% are -33 "C and -29 "C, 
respectively. In the present work, the T, of the P(VDF-co-HFP) segment is 4 0 • ‹ k 3  "C. 
The origin of this difference is due to either the presence of the non-fluorinated block or 
differences in the statistical distribution of HFP along the fluoropolymer segment. The T, 
of the polystyrene and PMMA segments are 91 "C and 103 "C, respectively. Tg can be 
molecular weight dependent, for example, PS exhibits a T, of up to 110 "C for molecular 
weights > 10,000 glmol but much lower for molecular weights less than this. The 
molecular weight of the polystyrene segments in the block copolymer analyzed by DSC 
was estimated to be -12,000 glmol, yet the measured T, for this segment was still quite 
low (91 "C). Moreover, the measured T, of the PMMA segment in P(VDF-co-HFP)-b- 
PMMA block copolymer was 103 "C (which is also lower than the MMA homopolymer, 
105- 1 1 1 "C) [58] even though its molecular weight was >80,000 glmol. A logical 
explanation is that PS domains in the films are too small to fully adopt the properties of 
PS homopolymer and because the surrounding fluoropolymer possesses a much lower T,, 
the T, of the PS domains are lower than the corresponding homopolymer. 
-1 00 -50 0 50 100 150 200 
Temperature ( "C) 
Figure 17 DSC analysis of the fluorine-containing block copolymers possessing polystyrene 
(M,=26,400 g/mol, see Figure 1 ld) and PMMA (M,=100,300 g/mol, see Figure 14). 
The morphology of films of P(VDF-co-HFP)-b-PS was examined by TEM 
(Figure 18). Ruthenium tetroxide (Ru04) was used to stain the polystyrene segments. The 
lighter regions therefore represent P(VDF-co-HFP). A "sea-island" morphology was 
observed for all TEM images. The size of the polystyrene domains for the block 
copolymers shown in Figure 18a and Figure 18b varies between 10-30 nm. The density 
of polystyrene domains increases with increasing polystyrene content as indicated in the 
comparison of Figure 18 a, b, and c. As the PS content is increased to > 50 wt% the 
polystyrene domains coalesce to form a continuous phase. Typical lamellae or cylindrical 
morphologies were not observed in these copolymer films. However, when the 
polystyrene segments of the copolymer are sulfonated by post-sulfonation, and cast to 
form films, typical block copolymer morphologies are indeed observed (see Section 
2.3.4). This leads us to conclude that the TEM images presented represent non- 
equilibrium morphologies. Meaningful TEM images of P(VDF-co-HFP)-b-PMMA 
samples were not obtainable as neither PMMA nor P(VDF-co-HFP) segments are stained 
by Ru04 [64]. 

1.4 Conclusions 
Macroinitiators comprised of poly(viny1idene difluoride-co-hexafluoropropylene) 
were prepared by chain transfer emulsion polymerization. The molecular weights of 
fluoropolymer macroinitiators were varied from 2,000 to 25,000 glmol by controlling the 
concentration of chain transfer agent. These polymers initiated the ATRP of styrene and 
methyl methacrylate. A series of fluorine containing block copolymers was successfully 
synthesized. The methodology of producing trichloromethyl-terminated vinylic polymers 
by chain transfer polymerization is a useful strategy for the general synthesis of 
macroinitiators for subsequent preparation of novel block copolymers. Applied to 
fluorinated monomers, this technique provides access to novel polymers that may find 
potential applications as compatiblizers, surfactants for supercritical COz polymerization, 
and new materials for thin films. 
CHAPTER TWO: SYNTHESIS AND PROPERTIES OF 
SULFONATED POLY([VINYLIDENE DIFLUORIDE-CO- 
HEXAFLUOROPROPYLENEI-B-STYRENE) 
2.1 Introduction 
2.1.1 Proton Exchange Membranes (PEMs) and Proton Exchange Membrane Fuel 
Cells (PEMFCs) 
Proton Exchange Membrane Fuel Cells (PEMFCs), which can be fuelled by 
hydrogen or hydrocarbon sources such as methanol, ethanol, and natural gas, are 
currently being investigated as alternative energy conversion devices. Their ability to 
attain high power densities combined with high-energy efficiency and extremely low 
pollution makes them a potential energy source for transportation and portable device 
applications. 
Figure 19 illustrates the operation of a PEMFC using hydrogen as a fuel source. 
Proton exchange membranes (PEMs), which serve as both electrolyte and fuel separator, 
play a vital role in PEMFCs. The PEM is sandwiched between two catalyst layers (CLs) 
composed of carbon supported platinum and ionomer. 
The electrochemical reactions occur at the interface between the PEMs and CLs. 
Hydrogen is oxidized at the anode, aided by platinum catalyst, to generate protons and 
electrons: 
The protons are transported through the PEM to the cathode, where they combine 
with oxygen and electrons to produce water: 

reasons stated above, proton conduction and water management within the membrane are 
two critical issues for PEMs. 
PEMs are generally ion-containing polymers comprised of a hydrophobic 
polymer backbone and proton exchange sites (usually sulfonic acid groups). The ion 
exchange sites, such as -S03H, have been observed to aggregate and form hydrophilic 
ionic clusters. These hydrated ionic clusters are essential for the transport of protons, and 
the hydrophobic backbone provides the mechanical support necessary to prevent the 
membrane from excessive swelling. 
In general, a successful PEM for high efficiency PEMFC applications should 
meet the following requirements [65]:  
1. Chemical and electrochemical stability 
2. Mechanical strength 
3. High proton conductivity 
4. Low cost (for commercialized applications). 
Most PEMFCs operate at or below 80 "C, where the kinetics of oxygen reduction 
reaction are poor and a high degree of hydrogen purity is required. Therefore there is a 
high demand for PEMFCs that operate efficiently at higher temperatures, typically above 
100 "C. Advantages of operating PEMFCs at higher temperatures include the following 
[6 61 : 
1. Enhanced kinetics at both the anode and cathode. 
2. Less complicated water management. 
3. Increased CO tolerances for the fuel gases. 
4. simplified cooling systems. 
5. An overall increased system efficiency. 
In recent years, an extensive amount of research has focused on the study of high 
temperature PEMFCs [67-721. PEMs that are stable and provide reasonably good 
performance at higher temperatures have brought forth new challenges in PEM research 
and design. A new generation of PEMs will need to be developed to meet the demands 
for high temperature PEMFC applications. 
2.1.2 Development of Proton Exchange Membranes 
Over the past decade, a variety of polymers have been investigated as possible 
PEMs for fuel cell use. Several reviews [65;73-751 on the subject are available. This 
section briefly summarizes the classification of PEMs in terms of their chemical 
structure. 
2.1.2.1 Polystyrene-based Membranes 
Polystyrene membranes The first generation of proton exchange membranes 
were based on sulfonated polystyrene (SPS) crosslinked with divinylbenzene [76]. 
However, the fuel cell lifetime observed for SPS membranes was only a few hundred 
hours at 60 "C. Poor stability is believed to be a result of the hydroperoxide radical 
attack of the weak tertiary benzilic hydrogen that leads to membrane degradation and 
eventual fuel cell failure. 
Polytrifluorostyrene membranes In principle, replacement of the tertiary 
benzilic hydrogen with a fluorine atom should improve the chemical stability of 
polystyrene-based polymer membranes. The evidence of a successfully sulfonated 
polytrifluorostyrene, where PEMs were the intended application, was reported in early 
1967 by Hodgdon [77]. Improved cross-linked sulfonated polytrifluorostyrene 
membranes have been shown to provide lifetimes of up to 3,000 hours at low operating 
temperatures (50 "C) [65]. In 1993, the third generation of Ballard membranes (BAM3G 
[65;78]) was developed, these membranes are comprised of sulfonated trifluorostyrene 
and substituted trifluorostyrene copolymers. The reported lifetime of these membranes is 
as high as 15,000 hours. 
Figure 20 illustrates the chemical structures of membranes based on polystyrene 
and polytrifluorostyrene used as membranes. These membranes showed initial promise as 
membranes for fuel cell applications. However, to possess the same conductivity as that 
of perfluorinated membranes the ion exchage capacity and water content must be much 
higher, which results in poor mechanical properties. 
Sulfonated polystyrene Sulfonated polytrifluorostyrene 
Figure 20 General chemical structures of sulfonated polystyrene and polytrifluorostyrene 
used for membranes. 
Radiation-graft membranes Radiation-graft PEMs are a family of partially 
fluorinated membranes prepared by the radiation-induced graft copolymerization of 
styrene, or trifluorostyrene, monomers onto fluoropolymer substrates followed by 
sulfonation. Various base polymers have been used including: PTFE 
(Polytetrafluoroethylene) [79], FEP (a copolymer of tetrafluoroethylene and 
hexafluoropropylene), PVDF (polyvinylidine difluoride) [80;81], KEL-F 
(polychlorotrifluoroethylene, PCTFE) [82], and ETFE (a copolymer of tetrafluoro- 
ethylene and ethylene) [83]. 
The preparation of radiation graft membranes is illustrated in Figure 21. It is 
postulated that membranes generated using radiation grafting may not be homogeneous, 
since most of the radiation polymerization occurs on the surface of the base 
fluoropolymer film. Although the proton conductivity of radiation graft membranes is 
comparable to other PEMs, e.g. perfluorinated membranes, the lack of chemical and/or 
thermal stability remains a significant drawback. 
Radiation --- 
Fluoropolymers 
or CF2=CF 
Stofonation = 
Radiation graft membranes 
Figure 21 Scheme for radiation grafting of styrene, or trifluorostyrene, onto 
fluoropolymer films and their subsequent sulfonation. 
47 
Block copolymer membranes Block copolymer ionomers are an interesting 
family of materials that provide useful insight into the design of alternative PEMs since 
they possess well-defined structures that confer uniquely ordered morphologies in the 
solid state. Therefore, they may yield different proton transport parameters than 
statistical copolymer ionomers such as perfluorosulfonic acids. 
Several ionomers based on polystyrene-containing block copolymers have been 
prepared, including the partially sulfonated poly(styrene-b-[ethylene-co-butylenel-b- 
styrene) copolymer (S-SEBS), which was developed by DAIS-Analytical Corp. [84]. 
Morphological, electrochemical, and fuel cell research of S-SEBS block copolymer 
membranes has been performed by several groups [85-931. Sulfonated poly(styrene-b- 
isobutylene-b-styrene) (S-SIBS) block copolymers have also been investigated and 
research on these novel composite ionomers [90;91] focused on the methanol and proton 
transport properties [94;95]. Other polystyrene block copolymer membranes that have 
been prepared and studied include sulfonated hydrogenated poly(butadiene-b-styrene) 
diblock copolymers (S-HPBS) [96;97], sulfonated poly(styrene-b-ethylene-alt-propylene) 
(S-SEP) [98;99], and poly(styrene-b-ethylenelpropylene-b-styrene) (S-SEPS) [98]. 
Figure 22 illustrates the variety of block copolymer membranes based on 
sulfonated polystyrene reported to date. 
S-SEP S-SIBS 
Figure 22 Chemical structures of block copolymers employed as membranes (based on 
sulfonated polystyrene). 
2.1.2.2 Perfluorinated Membranes 
A membrane under the trademark ~ a f i o n @ ,  introduced by Dupont [loo] in 1966, 
was the first example of a perfluorosulfonic acid (PFSA) membrane. Dow Chemical 
[ l o l l  and Asahi Glass developed their own PFSA membranes, and these are structurally 
similar to Nafion. The chemical structures of all three membranes [65;66] are shown in 
Figure 23. 
f C F ~ - C F ~ ~ C F - C F ~ ~  
0CF2 F-0CF2CF2S03H F I 0CF2CF2S03H 
CF3 
Nafion, DuPont Dow Chemical 
f CF~-CF~HCF-CF~~ - ( C F ~ - C F ~ ~ C F - C F ~ - ) ~  
I 
0CF2CFOCF2CF2COOH 
I [OCF2CF~O(CF2),-,S03H 
I I 
CF3 -3 
Asahi Chemicals Asahi Glass, m=0,1; n=1-5 
- -  
Figure 23 Chemical structures of perfluorosulfonic acid (PFSA) polymers. 
PFSA polymers are copolymers of tetrafluoroethylene (TFE), and perfluorinated 
alkenes with ionic group side chains. Because PFSA and Polytetrafluoroethylene 
( ~ e f l o n ~ )  have a monomer in common, TFE, PFSA membranes can be regarded as 
Teflon analogues, and hence exhibit some Telfon-like properties, e.g. chemical stability. 
Compared to Dupont's Nafion, Dow membranes are perfluorinated ionomers possessing 
shorter ionic side chains and a higher ion exchange capacity (IEC), while Asashi 
Chemicals' membranes have the same size side chain as Nafion but terminated with a 
weaker acid functional group (COOH). Fuel cell operational lifetimes of up to 60,000 
hours at 80 "C have been reported for PFSA family membranes [65]. 
To date, the family of PFSA membranes have been the most effective membranes 
for PEMFCs. However, these materials fail to meet the requirements for high volume 
commercial markets due to their high price. Furthermore, methanol crossover in PFSA 
membranes has limited their application in direct methanol fuel cells (DMFCs), and 
dehydration and degradation at high ternperaturellow humidity conditions limit the 
performance of these membranes. Therefore extensive research has focussed on 
producing alternative polymer membranes, 
2.1.2.3 Polyaromatic Membranes 
In an effort to develop low cost alternative fuel cell membranes, hydrocarbon 
aromatic polymers have been extensively investigated over the last two decades. The 
chemical structures of a variety of hydrocarbon aromatic polymers used in PEMs are 
illustrated in Figure 24: These include sulfonated polyetheretherketone (S-PEEK), 
sulfonated polyphenylene oxide (S-PPO), sulfonated polysulfone (S-PSF), sulfonated 
poly(4-phenoxybenzoyl- 1,4-phenylene) (S-PPBP), sulfonated polyphenylenesulfide (S- 
PPS), Sulfonated polybenzimidazole (S-PBI), and sulfonated polyimide (S-PI, not shown 
in Figure 24). 
SO,H 
1. S-PPO 
S03H 
2. S-PEEK 
3. S-PSF 
S03H 
5. S-PPS 
4. S-PPBP 
6. S-PBI 
Figure 24 Chemical structures of a variety of sulfonated polyaromatic polymers. 
Aromatic polymers are a family of materials that possess high thermal stability 
and a good resistance to oxidation, due to the fact that the C-H bonds of the aromatic 
rings have higher bond energies than aliphatic C-H bonds. Most aromatic polymer 
membranes are prepared by post-sulfonation of commercially available polymers, while 
some can be directly synthesized from sulfonated monomers [I 02;103]. 
Sulfonated polyetheretherketone (S-PEEK) is not only interesting as a low-cost 
alternative PEM, but also shows promise in reducing methanol cross-over for DMFC 
applications [74; 104- 1071. Sulfonated polysulfone (S-PSF) membranes have shown 
excellent thermallchemical stability, their synthesis and characterization is discussed in 
greater detail in Chapter 3. 
Sulfonated polyimide membranes (S-PIS), another family of aromatic PEMs, have 
attracted attention as alternative membranes due to their high thermal and mechanical 
strength, high resistance to oxidation [108], and low methanol permeability [109; 1 101. 
Naphthalenic and phthalic sulfonated polyimides, two main types of S-PIS (not shown), 
show promise in high temperature and DMFC applications [109;111]. 
Compared with other aromatic polymers, polybenzimidazole (PBI) is difficult to 
sulfonate using conventional sulfonation reagents such as sulphuric or sulfonic acids. 
Both sulfonated PBI and composite PBI membranes, prepared by doping with inorganic 
acid, have attracted much attention in the past few years because of their relatively high 
performance in elevated temperature and low humidity applications [ I  12-1 141. 
Although some applications of these membranes in fuel cells have been reported 
[75], the major obstacle still facing aromatic polymer membranes is their poor 
mechanical strength, which results from the high water absorption observed when high 
IEC membranes are prepared for high proton conductivity. 
2.1.2.4 Composite Membranes 
Although decades of research has been performed, existing polymer membranes 
still do not meet all of the necessary requirements for high temperature PEMFC or 
DMFC applications. To this end, recent research efforts have focused on modified 
membranes in an effort to provide PEMs that operate at low or ambient humidity 
conditions [I 131. Since these membranes are blended, reinforced, doped, and combined 
with other components, they can be generally referred to as composite membranes. 
Some approaches that have been attempted in an effort to produce composite 
membranes [66;67;69-7 1 ; 1 1 3; 1 1 5- 1 171 include: membranes incorporated with metal 
oxide (Si02, Ti02, ZrOz) through sol-gel techniques; membranes reinforced with porous 
PTFE sheet; membranes doped with inorganic acids (phosphoric acid or sulphuric acid); 
and acid polymers blended with base polymers. Some promising results have been 
achieved using composite membranes, e.g. phosphoric acid-doped PBI, although much 
improvement is needed before implementation of composites in high temperature fuel 
cells. 
2.1.3 TEM Morphology of PEM Materials 
PEMs consist of ion-containing polymers that possess a hydrophobic polymer 
backbone and pendent proton exchange sites. In a solid state matrix of hydrophobic 
polymer, the ionic groups aggregate to form ion clusters [118]. According to the 
Eisenberg-Hird-Moore model [119], the size of the clusters depends on the ion content 
and flexibility of the polymer chains. Since the size of the ion clusters increases as ion 
content increases, when the ion content is high the ion clusters may become 
interconnected to form continuous ionic channels. Gebel et al. [120] proposed models for 
hydrated perfluorosulfonated PEM films and determined that the morphology changes 
with water content. It was suggested that at low water contents, the ion clusters of Nafion 
are spherical, while at high water contents the ion clusters are connected rods. 
The presence of an ionic cluster morphology can be observed by several 
techniques: small angle scattering (SAS) [121] which includes small angle X-ray 
scattering (SAXS), small angle light scattering (SALS), and small angle neutron 
scattering (SANS); electron microscopy (EM) which includes scanning electron 
microscopy (SEM), and transmission electron microscopy (TEM); and atomic force 
microscopy (AFM). Geometric details of the microstructure can be obtained from SEM 
and TEM images while the frequency or wave number of periodicity can be acquired by 
SAS methods. 
Ionic cluster morphologies have been observed and analyzed by SAXS and/or 
SANS and the currently proposed models are based on these techniques. One 
fundamental disadvantage of SAS methods is that two different morphologies may 
generate an identical scattering pattern. In other words, SAS is only accurate when the 
morphology is homogenous and uniform. In the case of materials that are inhomogeneous 
only the average scattered intensity can be obtained. As an alternative to SAS, which 
produces Fourier spectral patterns, 2D images of space domains on the micro- or nano- 
scale can be obtained by EM methods. SEM, based on backscattered electrons, merely 
generates images of sample surfaces whereas TEM, based on penetrating electrons, is 
capable of analyzing the interior microstructure. In this thesis the analysis of micro-or 
nano-phase morphologies of PEMs will be based solely on TEM images. 
TEM has been used by several groups, with various staining materials such as 
Ru04 [122], CS' [123;124], and pb2' [125], for the purposes of directly viewing the 
morphology of Nafion. TEM samples are either prepared by sectioning an existing 
membrane with an ultra-microtome [123-1251, or by casting a film from solution 
[122; 124; 126; 1271. Generally, the shape of ionic clusters is reported to be spherical, and 
the size observed in the range of 3-6 nm [122-125;127] and 4-10 nm[126]. A TEM 



address their poor high temperature proton conductivity, high methanol permeability, and 
high cost. The benchmark has been set by PEMs based on perfluorosulfonic acid (PFSA) 
polymers [129;130]. Despite numerous efforts, alternate materials still fail, in one way or 
another, to meet the stringent requirements for high volume commercial markets. It has 
been argued that a greater understanding of fundamental structure-property relationships 
in PEMs is required to make significant technological breakthroughs [66;13 I]. 
Micro- or nano-phase separated morphologies of ion clusters have been observed 
for most PEMs. However, it is not fully understood how these interactions are influenced 
by the polymer architecture, and how aggregation affects the membrane's morphology 
and conductivity. The search, design and synthesis of model polymers that phase separate 
into proton conducting and hydrophobic domains is an important area of research both 
for obtaining insights into proton transport, and for the design and implementation of next 
generation PEMs. 
Block copolymer ionomers are a useful family of materials for studying structure- 
property relationships in PEMs since they can potentially be prepared with well-defined 
structures that confer uniquely ordered morphologies in the solid state. Several reports on 
the morphology and physical properties of proton conducting membranes based on the 
polystyrene-containing block copolymers have been published, as reviewed above. In 
related block copolymer studies, graft copolymers of PS-g-macPSSA show enhanced 
conductivity compared to random copolymers of styrene and styrenesulfonic acid (PS-r- 
PSSA) [l32-135]. 
In this work, proton conducting diblock copolymers, i.e. sulfonated 
poly([vinylidene difluoride-co-hexafluoropropyleneJ-b-styrene) [P(VDF-co-HFP)-b- 
SPS], comprised of a non-ionic fluorous block and a sulfonated ionic block, have been 
synthesized by sulfonation of fluorine-containing block copolymers [P(VDF-co-HFP)-b- 
PSI. The general structure for [PVDF-co-HFP)-b-SPS] is shown in Figure 29. 
Figure 29 Chemical structure of sulfonated P(VDF-co-HFP)-6-PS block copolymer, I=0 
when fully sulfonated. 
There were several motivations that led us to investigate these particular fluorine- 
containing block copolymers. Firstly, the two segments of the block polymer are 
incompatible with one another which assures self-assembly and ionic aggregation. 
Secondly, since controlled radical polymerization is employed to grow the polystyrene 
segment, the length and/or ionicity of the hydrophilic block, and thus the IEC, can be 
controlled by either adjusting the length of the sulfonated polystyrene chains or the 
degree of sulfonation. Figure 30 illustrates the two approaches used to adjust the IEC of 
[P(VDF-co-HFP)-b-SPS] block copolymers. It is also expected that the morphologies and 
size of the ionic clusters can be varied by adjusting the length of the sulfonated 
polystyrene chains and the degrees of sulfonation. Thirdly, fluorine containing chains are 
incorporated into proton conducting polymers because fluoropolymers possess unique 
properties such as high chemical resistance, excellent thermal stability, possess extremely 
low surface energy, and are believed to increase the tendency of phase separation due to 
their hydrophobic nature. 
This chapter describes the synthesis of several series of sulfonated [P(VDF-co- 
HFP)-b-PSI block copolymer membranes possessing either similar length polystyrene 
chains with varying degrees of sulfonation, or varying lengths of polystyrene chains that 
are 100% sulfonated. The correlation between composition, structure, and proton 
conductivity is reported. 
Figure 30 Strategies for adjusting IEC: (A) partially sulfonated, IEC adjusted by degree of 
sulfonation; (B) 100% sulfonated, IEC controlled by length of polystyrene chain. 
2.2 Experimental Section 
2.2.1 Materials 
Sulphuric acid (Anachemia, 95-98%, ACS reagent), acetic anhydride (Caledon, 
reagent grade), 1,2-dichloroethane (Caledon, reagent grade), Nafion dispersion (Aldrich, 
5 wt%), and lead acetate (Aldrich) were used as received. Nafion 1035, 117, and 120 
films (Dupont) were pre-treated with 3 vol% H202 and 5 wt% HN03 aqueous solutions at 
90 "C for 30 min, respectively, rinsed with Millipore water three times and stored in 
water prior to use. Poly([vinylidene difluoride-co-hexafluoropropylene]-b-polystyrene 
[P(VDF-co-HFP)-b-PSI was synthesized by atom transfer radical polymerization (ATRP) 
of styrene initiated by a trichloromethyl-terminated fluorous macroinitiator. The 
macroinitiators were prepared by emulsion polymerization in the presence of chloroform, 
which served as a chain transfer agent. A detailed procedure of this synthesis is reported 
in Chapter 1. 
Three P(VDF-co-HFP) macroinitiators were used in this chapter. 
1. P(VDF-co-HFP), M,-,,Gpc= 17,900 glmol at Mw/Mn= 1.48, was used to prepare 
P(VDF-co-HFP)-b-SPS block copolymers with varying degrees of sulfonation. The 
following conditions for ATRP were used: (1) the concentrations of fluoropolymer 
macroinitiator, dipyridyl (bpy), copper (I) chloride (CuCI), and styrene were 0.012 M, 
0.34 M, 0.17 M, and 2.8 M, respectively; (2) the reactions were run for 24 hours at 
110•‹C; (3) the conversion of styrene was terminated at 36.2% in order to limit the length 
of the polystyrene block. Based on the conversion of styrene, the estimated M, of the 
polystyrene segment was 8,700 glmol, and the estimated M, of the block copolymer, 
26,600 glmol. 
2. P(VDF-co-HFP), Mn,cpc=20,900 glmol at Mw/Mn=1.67, and M,~pc=24,300 
glmol at Mw/M,=1.58, were used to prepare two series of P(VDF-co-HFP)-b-PS block 
copolymers with varying polystyrene chain lengths at 100% sulfonation. Similar ATRP 
conditions applied. As an example, the following conditions for ATRP were used for the 
24,300 glmol macroinitiator: (1) the concentrations of fluoropolymer macroinitiator, 
dipyridyl (bpy), copper (I) chloride (CuCI), and styrene were 0.015 M, 0.24 M, 0.08 M, 
and 1.9 M, respectively; (2) the reaction was run at 110 OC; samples with different length 
polystyrene chains were periodically (4.5, 7, 9, 11, 13, 23 hours) extracted and 
precipitated in 50150 ethanollhexanes; (3) the conversion of styrene was determined 
gravimetrically as 23%, 37%, 44%, 56%, 59%, and 88%. 
Based on the conversion of styrene and according to Equation 4 in Chapter one, 
the estimated Mn of the polystyrene segments was calculated to be 3.7, 5.8, 6.9, 8.9, 9.4, 
and 13.8 x103 glmol. Since styrene evaporated when extracting samples, it should be 
noted that the errors associated with the measurement of styrene conversions are believed 
large and the molecular weights of polystyrene over estimated. Moreover, because the 
fluoropolymer has a negative signal and polystyrene has a positive signal, the GPC peaks 
resulting from the block copolymers were too weak to obtain accurate molecular weights. 
Nevertheless, after sulfonation the IEC of the block polymers can still be accurately 
measured by titration. 
2.2.2 Sulfonation 
Acid-bearing polymers were prepared by sulfonation of the polystyrene segments. 
Sulfonation was carried out in 1,2-dichloroethane using the procedure described in ref 
[92] as shown in Figure 31, except a reaction temperature of 40 "C was used for partial 
sulfonation. 
Figure 31 Mechanism of sulfonation of the polystyrene segments using acetyl sulfate. 
To ensure complete sulfonation of the block copolymers, 5-10 times the 
stoichiometric amount of sulfonation reagents were added. A typical sulfonation reaction 
was carried out as follows: to a 50 mL three-neck flask equipped with a dropping funnel 
and condenser, 5 mL of 1,2-dichloroethane and -0.2 g of P(VDF-co-HFP)-b-PS were 
added. The mixture was heated to 50 "C under N2 and stirred until the copolymer was 
completely dissolved. Acetyl sulphate was prepared by injecting 0.6 mL of acetic 
anhydride and 1 mL of dichloroethane into a nitrogen-purged vial. The solution was 
cooled to -0 "C in a 10% CaC12 ice bath, and 0.2 ml of 95-97% sulphuric acid was 
injected. The resultant acetyl sulfate was immediately transferred to the polymer solution 
at 40-50 "C using a dropping funnel. The reactions were carried out for 4 hours and 
samples were precipitated in 50150 ethanolhexanes. The precipitate was washed with 
water until the residual water was pH 7. Sulfonated polymers were dried under vacuum at 
60 "C overnight. Block copolymers with longer sulfonated polystyrene chains were 
dissolved in water and the solution was purified by dialysis using a cellulose dialysis tube 
(Fisherbrand, Standard Grade, Nominal MWCO 12,000-14,000) for three days. The 
polymer solution was evaporated and the polymer dried at 60 OC for two days under 
vacuum. 
The reaction procedures and conditions for the preparation of polymers with 
varying degrees of sulfonation are similar to those mentioned above except 15 mL of 1,2- 
dichloroethane and 0.6 g of P(VDF-co-HFP)-b-PS were added to the reaction flask. 
Acetyl sulphate was prepared from 1 mL of acetic anhydride and 3 mL of dichloroethane 
followed by injection of 0.3 ml of sulphuric acid. The reaction was carried out at 40 OC 
and samples with different degrees of sulfonation were periodically extracted and 
precipitated in 50150 ethanolhexanes. Highly sulfonated polymers were dissolved in 
water and purified by dialysis over a period of three days. 
2.2.3 Membrane Preparation 
Membranes were prepared by dissolving the sulfonated block copolymers in THF 
and casting on  elfo on@ sheet. Films were dried at room temperature and 60 OC for 2 
hours in vacuo. Film thicknesses were measured with a Mitutoyo digital micrometer and 
found to be 0.08-0.15 mm. Sulfonated membranes were treated with 2 M HCl overnight 
to ensure complete protonation, and subsequently washed several times with Millipore 
deionized water for several 30 minutes periods. 
2.2.4 Ion Exchange Capacity, Water Uptake and Water Content 
Ion exchange capacity was measured by titration of NaOH solution. Membranes 
were equilibrated in 2 M NaCl solution for at least 4 hours at room temperature prior to 
titration. The protons released into solution were titrated with 0.025 M NaOH. Following 
titration, membranes were placed in 2 M HC1 for a minimum of 4 hours to re-protonate 
the sulfonic acid sites, dried under vacuum for two hours at 70 OC, and placed in a 
desiccator to cool before obtaining the membrane's "dry" weight. The IEC of the 
membrane (mmollg) was calculated according to equation ( 5 ) ,  where VNaoH and MN~OH 
are the volume (mL) and molar concentration of 
respectively and Wdry is the dry weight of the sample: 
VN~OH MN~OH IEC = 
Wdcv 
NaOH solution used in titration, 
( 5 )  
The membranes were equilibrated in Millipore water overnight at room 
temperature, blotted with a KimwipeB to remove surface water and the "wet" weight 
(WWet) was measured. The water uptake of the membranes was calculated as the 
percentage increase over the "dry" weight according to equation (6). In contrast, the 
w w e ,  - WdV Water Uptake = x 100% 
Wdcv 
water content of the membranes was calculated as the percentage of water in the "wet" 
membrane according to equation (7). IEC, water uptake, and water content values were 
w w e ,  - WdV Water Content = x 100% 
w w e t  
taken as the average of three samples. 
The number of water molecules per ion exchange site, [H20]/[S037, or lambda 
value (A), was calculated using equation (8), 
Water Uptake(%) x 1 0 [H20]l[S03-] = 
1 8 x IEC(mmo1 1 g) 
The proton concentration in wet membranes was calculated using equation (9), where 
Vol,, is the volume of the wet membrane measured using a Mitutoyo digital calliper, 
[ H ' ]  = Wdv ( g )  . IEC(rnrnol1 g) . 
Val,,, (cm3 
2.2.5 Measurement and Characterization 
Polymer characterization The molecular weight of the block copolymers were 
determined by gel permeation chromatography (GPC) using three p-Styragel columns, a 
Waters 510 HPLC, polystyrene standards, THF eluant, and a Waters 410 Differential 
Refractometer. The degree of sulfonation of the membranes was estimated by 'H NMR 
(in d6-acetone) using a 400-MHz Bruker AMX400 spectrometer. FTIR spectra were 
recorded, using spin cast thin films on sodium chloride discs, with a Bomem 155 FT-IR 
spectrometer. Differential scanning calorimetry (DSC) was performed on a TA 
Instruments Q10 differential scanning calorimeter using a heating rate of 10 "Clmin 
under N2. Data was collected from -100 to 200 OC. T, values were determined from the 
second thermal cycle. Thermal gravimetric analysis (TGA) of the membranes prepared 
with various degrees of sulfonation was performed using a TA Instruments Model 2950 
at a heating rate of 20 "Clmin under N2. Prior to DSC and TGA measurements all 
samples were dried under vacuum at 80 OC overnight. 
Conductivity Measurement In-plane (or tangential) proton conductivity was 
measured by ac impedance spectroscopy with a HP 8753A Network Analyzer, using a 
frequency range of 300 KHz to 1 GHz. The gold-plated coaxial probe and method used 
have been described previously [l32; 1361. The proton conductivities (o, Slcm) of 
membranes measured using the coaxial probe were calculated according to Equation (10) 
where a and b are 1.29 and 3.22 for the probe used, h is the thickness (cm) of the wet 
membrane, and R ( a )  is the ionic resistance of the membrane obtained from the complex 
plane impedance plot. 
Conductivity measurements were obtained using the acid form of the membranes, 
under ambient fully hydrated conditions, except where noted. The accuracy of the 
technique was verified daily by comparing the conductivity obtained for standard 
~ a f i o n @  1 17 samples, (0.07-0.08 Slcm), to the reported values [137]. Once verified the 
conductivity of the block copolymer membranes was measured. Proton conductivity 
values were taken as the average of two samples. 
An ESPEC SH-240 temperaturehumidity chamber and a conductivity cell, shown 
in Figure 32 and similar to that described in ref [103], were used for the measurement of 
membrane conductivity under conditions of variable temperature and humidity. Each 
sample used was approximately 12 x 10 mm and o was calculated from Equation (1 1) 
where 1 is the distance (cm) between the two Pt electrodes, h and w are the thickness (cm) 
and width (cm) of the membrane respectively, and R ( a )  is the resistance of the 
membrane obtained from the complex impedance plot. A typical ac impedance complex 
plane plot is shown in Figure 33. 

Reichert OM3 microtome, and picked up on copper grids. Images for block copolymer 
membranes were obtained using a Zeiss 10C Transmission Electron Microscope with an 
accelerating voltage of 80 kV. Morphologies of the Nafion series were examined using a 
Hitachi H7600 Transmission Electron Microscope and Tecnai 20 FEI Scanning 
Transmission Electron Microscope with an accelerating voltage of 80 kV. Cryo TEM was 
performed using a Hitachi H7600 Transmission Electron Microscope fitted with a liquid 
nitrogen sample holder. 
2.3 Results and Discussion 
2.3.1 Sulfonation 
Sulfuric acid, complexed sulphur trioxide, chlorosulfonic acid, and acetyl sulfate 
were used as sulfonation reagents for the sulfonation of polystyrene. Initially, 
chlorosulfonic acid was used to sulfonate P(VDF-co-HFP)-b-PS block copolymers but 
the reaction was too rapid and precipitation occurred after only a few minutes leaving 
much of the polymer trapped inside the precipitate, unsulfonated. Alternatively, 
sulfonation with acetyl sulfate in chlorinated solvents was reported and this method was 
subsequently used to form a homogenous reaction which yielded a random distribution of 
sulfonic acid groups along the polymer chain [138]. 
Infra-red analysis 
FTIR spectroscopy was used to confirm sulfonation of the block copolymers and 
to estimate ion exchange capacities [135]. FTIR spectra of a block copolymer before and 
after sulfonation are shown in Figure 34. The strong absorbance at 1129 cm-' is due to C- 
F stretching. The two peaks situated at 699 and 757 cm-I are assigned to the C-H bond of 
unsubstituted phenyl rings, while the two peaks at 1453 and 1493 cm-' are assigned to 
stretching vibrations of unsubstituted phenyl rings. These four characteristic peaks for 
unsubstituted phenyl rings in polystyrene segments disappear after sulfonation. The 
appearance of characteristic peaks due to symmetric stretching of SO, at 1035 cm'l and 
in-plane bending of para-substituted phenyl rings at 1008 cm-I confirm introduction of 
sulfonic groups [139]. 
Wavenumber (cm-I) 
Figure 34 FTIR spectra of (a) P(VDF-co-HFP), (b) P(VDF-co-HFP)-6-PS, and (c) 
Sulfonated block copolymer P(VDF-co-HFP)-6-SPS. 
NMR spectra analysis 
NMR spectroscopy was used to quantify sulfonation. 'H NMR spectra of both 
partially sulfonated and fully sulfonated block copolymers are shown in Figure 35. The 
pristine polymers exhibit peaks at 6.4-6.8 (protons "a") and 6.9-7.3 ppm (protons "b") 
due to ortho and meta/para-protons on the phenyl ring, respectively. Upon full 
sulfonation, a broad peak is observed at 7.62 ppm due to protons adjacent to the sulfonate 
group (protons "c") [lW;l4O; 1411 and peaks due to "b" protons disappear. A broad 
peak is also observed at 6.82 ppm and is assigned to aromatic protons adjacent to the 
main chain on sulfonated phenyls (protons "a'"). 
(VDF-CO-HFP)-b-PSI 
Partially sulfonated, 
(DS=32 %) 
Fully sulfonated 
(DS-100%) 
PPM 
a) Structures of the block copolymers; b) 'H NMR spectra of the block copolymers 
Figure 35 'H NMR spectra of [P(VDF-co-HFP)-b-PSI, and the corresponding partially 
sulfonated (DS=32%), and fully sulfonated (DS=100%) polymers. 
The partially sulfonated block polymers exhibit all the same peaks as above and 
the ratio of integrals under the peaks was used to quantify the degree of sulfonation, 
represented as DS(%), according to Equation (12): 
where m and 1 are the number of repeat units of sulfonated styrene and unsulfonated 
styrene, C and B represent the integrals under "c" and "b" peaks, respectively. Under 
reaction conditions of partial sulfonation, the degree of sulfonation is observed to 
increase with reaction time and the polystyrene segments are fully sulfonated after 20 
hours. Under reaction conditions of complete sulfonation, the degree of sulfonation is 
observed by NMR to be -1 00% after 3-4 hours. 
2.3.2 Partially Sulfonated Block Copolymers 
2.3.2.1 Degree of Sulfonation and IEC 
The composition of the P(VDF-co-HFP) macroinitiator was determined by ' 9 ~  
NMR spectroscopy, as described in Chapter 1, and found to be 16.7 mol % HFP and 83.3 
mol % VDF. It possessed a number average molecular weight of 17,900 glmol and a 
polydispersity index of 1.48, as determined by GPC analysis calibrated with polystyrene 
standards. The number of VDF and HFP repeating units was calculated to be 191 and 38, 
respectively. The number average molecular weight of poly(VDF-co-HFP)-b-PS block 
copolymer measured by GPC was 26,000 glmol and possessed a polydispersity index of 
1.35. The molecular weight of the polystyrene segments is estimated to be 8,100 glmol 
and thus the number of styryl repeat units, 78. The ratio of fluoropolymer to polystyrene 
segments is 2.2:l based on the respective molecular weights, and 2.9:l based on the 
number of repeat units. The polystyrene units in the block copolymer represent 31 wt% 
of the total copolymer. 
Based on Equation (12) the degrees of sulfonation are calculated and listed in 
Table 5. With knowledge of DS and the number of repeat units in the polystyrene 
segment, the IECs of the membranes were calculated. Table 5 lists these calculated 
values in addition to IECs determined experimentally by titration. Although there is a 
general agreement between the calculated and measured IECs a few inconsistencies exist, 
which are most likely due to the inaccuracy of the GPC method and inaccuracies in 
integrating NMR peaks for low degrees of sulfonation. The observation that experimental 
and theoretical IECs are similar, even for membranes with very low IECs, suggests that 
all sulfonic acid sites are accessible to aqueous solution and that the hydrophilic domains 
are interconnected. 
T a b l e 5  Properties of [P(VDF-co-HFP)-6-SPS] block copolymer membranes as a 
function of sulfonation time of the base polymer 
Reaction Time 5 10 15 30 45 70 1,200 
(min) 
Degree of 
Sulfonation (%) 
Calculated IEC' 
(mmob) 
Conductivity 
(Slcm) 
Water contentd 
(wt%) 
Water uptaked 
(wt%) 
a: from NMR and GPC data 
b: by titration 
c: room temperature and 100% RH 
d: room temperature 
2.3.2.2 Thermal Gravimetric Analysis (TGA) 
The thermal stability of the membranes was investigated by TGA. To aid 
discussion, TGA of related polymers P(VDF-co-HFP), PS, and PSSA under nitrogen 
were performed, and the data presented in Figure 36. The temperature of degradation, 
expressed as the onset temperature at which significant mass-loss occurs, is 393 and 449 
OC for PS and P(VDF-co-HFP), respectively. For PSSA, loss of residual water was 
observed between 50-200 "C; and sulfonic acid groups were eliminated at -300 OC. 
Polystyrene -( \ 
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Temperature ( O C )  
Figure 36 TGA curves of polystyrene, sulfonated polystyrene (acid form) and P(VDF-co- 
HFP) copolymer. 
TGA curves for the [P(VDF-co-HFP)-b-SPS] block copolymers prepared in this 
work are shown in Figure 37 for 4 different degrees of sulfonation. Loss of residual water 
begins at 50 OC and continues up to -200 OC because of strong interactions with the 
sulfonic acid groups [142;143]. The percentage decrease in mass due to water loss (up to 
200 OC) increases with the degree of sulfonation: the loss of water accounts for 8 % of the 
membrane having a DS of 49 % compared to -3 % for the membrane having a DS of 40 
%. This larger water uptake of the more highly sulfonated membranes was verified by 
DSC analysis (see in Figure 38). 
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Figure 37 TGA curves of P(VDF-co-HFP)-b-SPS block copolymer membranes possessing 
different degrees of sulfonation. 
In addition to water loss, TGA curves of the P(VDF-co-HFP)-b-SPS block 
copolymer membranes (Figure 37) exhibit 3 other regions of mass loss: Elimination of 
sulfonic acid groups commencing at - 300 OC; decomposition of the polystyrene block 
between 350- 390 "C, where the onset temperature increases from 352 to 390 "C as the 
DS increases from 12% to 49%; and decomposition of the fluoropolymer segment 
between 430-490 "C, where the onset temperature increases from 457 to 482 "C with 
increasing DS of the polymer. It is noted that degradation of this segment occurs at a 
higher temperature than P(VDF-co-HFP) copolymer (449 "C), which is consistent with a 
previous report indicating that the stability of sulfonated SEBS block copolymers is 
higher than its base polymer (SEBS) and that the onset temperature for degradation 
increases with degree of sulfonation [92]. 
2.3.2.3 Differential Scanning Calorimetry (DSC) 
The first DSC scan (between -100 and 200 "C) of P(VDF-co-HFP)-b-SPS 
membranes gives rise to a broad endothermic peak between 80-200 "C due to loss of 
water absorbed from the atmosphere. T,'s were readily determined from the second 
thermal cycle except for the membranes possessing DS of 49% and 100% which 
exhibited a persistent endothermic peak after 3 scans due to the presence of residual 
water (shown in Figure 38). Figure 39 shows DSC curves of P(VDF-co-HFP)-b-SPS 
possessing different degrees of sulfonation. Two T,'s are observed: One due to the 
fluoropolymer segment (T,l), which occurrs at - -35 "C, and the other due to partially 
sulfonated polystyrene (Tg2), which varies in temperature between 120- 166 "C. The 
unsulfonated block copolymer (DS=O%) exhibits T,'s of -34 and 86 "C for the 
fluoropolymer and PS, respectively. It also exhibits additional thermal transitions 
between 40-80 "C due to the fluoropolymer segment [144]. Since partial sulfonation of 
the polystyrene segment in the block copolymer is statistically random, this segment is 
essentially a random copolymer of sulfonated polystyrene and polystyrene, and hence 
only one T, is observed. Sulfonation of this segment causes the T, to increase due to the 
bulkiness of the sulfonate group and due to the ionomeric effect 1971. T, of H-SPS, for 
example, is reported to increase from 107 to 158 "C when the DS of sulfonated 
polystyrene (H-SPS) increases from 3.4 % to 20.1 % [145], and Mauritz et al. [128] 
report that the T, of S-SEBS is raised from 114 to 166 "C when DS increases from 2.8 to 
14.3 %. 
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Figure 38 DSC curves of POF-co-HFP)-b-SPS block copolymer membranes possessing 
high degrees of sulfonation (49% and 100%). 
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Figure 39 DSC curves of POF-co-HFP)-b-SPS block copolymer membranes possessing 
different degrees of sulfonation. 
Table 6 lists the T, of the fluoropolymer and sulfonated polystyrene segments as a 
function of DS. The T, of the unsulfonated polystyrene segment in the block copolymer 
is 86 "C, which is lower than polystyrene homopolymer (T, = 100 "C), due to the 
influence of the low T, P(VDF-co-HFP) copolymer matrix. This is consistent with other 
reports of styrenic block copolymers: A lower T, (82 "C [128] and 90 "C [97]) is reported 
for polystyrene when coupled to poly(ethy1ene-co-butylene) and polybutadiene, 
respectively. As the degree of sulfonation increases, the T, of the sulfonated polystyrene 
segment increases from 120 "C (DS = 12%) to 166 "C (DS = 40%). T, of P(VDF-co- 
HFP) segments varies little (k9 "C) compared to those changes observed in the sulfonated 
polystyrene segments. Again, this is consistent with other block copolymer studies: The 
T, of the EB block varies only k3 "C in the S-SEBS block copolymer series [128]. 
Table 6 T, of [P(VDF-co-HFP)-b-SPS] possessing different degrees of sulfonation 
Degree of Sulfonation 
(mol%) 0 12 22 32 40 
2.3.2.4 Water Sorption 
Water uptake by the membranes in their protonic form was measured and their 
water contents calculated. These are listed in Table 5. As expected, the amount of water 
absorbed by the membrane increases with increasing sulfonation. The membranes are 
flexible, pliable, and can be easily handled when hydrated. However, membranes 
comprising of polymers having a DS of 49%, or greater, take up a very large amount of 
water (>388 % water uptake), are fragile, and exhibit poor mechanical properties. The 
fully sulfonated polymer completely dissolves in water and thus only FTIR and NMR 
data are available. The water content and water uptake of Nafion 117 was measured to be 
23% and 29%, respectively. The P(VDF-co-HFP)-b-SPS block copolymer membrane 
possessing a similar IEC (0.89 rnrnollg, DS=32%) to Nafion 117 (IEC=0.91 mmollg) 
absorbs a slightly higher amount of water than Nafion, its water content and uptake being 
28% and 38%, respectively. 
The water content and water uptake values provide insight into the continuity of 
the hydrophobic regions and the ability of the fluoropolymer matrix to oppose osmotic 
pressure forces, which tend to favor high values of lambda (h=[HzO]l[S03-1). If the 
osmotic pressure exceeds the elastic forces of the matrix dissolution will occur. It is 
useful, therefore, to compare water sorption properties of other block copolymers with 
those of the present system. Relevant data are reported in Table 5. Water absorption 
values of partially sulfonated poly(styrene-b-[ethylene-co-butylenel-b-styrene) (S-SEBS) 
block copolymer membranes, for a similar range of IEC [I461 and degree of sulfonation 
have been reported [85]. Values for water uptake of -15%, -40% and -70 % were 
reported by Kim et. al. for S-SEBS block copolymers (28% polystyrene) having degrees 
of sulfonation of 22%, 34% and 42%, respectively [85]. They also report that S-SEBS 
membranes possessing a high degree of sulfonation (>47%) absorbed copious amounts of 
water (>I00 wt% uptake) and as a result their mechanical strength is poor. 
It is found for P(VDF-co-HFP)-b-SPS that when IEC is < 0.5 mmollg, and the 
degree of sulfonation is < 17%, the difference in mass between wet and dry membrane 
cannot be accurately measured. Very low values of water uptake were also observed for 
the S-SEBS block copolymer membranes with low degree of sulfonation. Weiss et al. 
[92] report 0.40% and 2.35% water uptake at room temperature for SEBS block 
copolymers (29.8 wt% polystyrene) sulfonated to 5.2 and 1 1.9 mol% . 
2.3.2.5 Proton Conductivity 
Proton conductivities of copolymer membranes possessing different degrees of 
sulfonation were measured by ac impedance spectroscopy. Conductivity data are listed in 
Table 5 and plotted in Figure 40 as a function of IEC, and Figure 41 as a function of 
lambda. The conductivity of Nafion 117 is included for comparison. Generally, proton 
conductivity increases with increasing IEC because conductivity depends on the ion 
content of the membrane. 
7t POF-CO-HFP) -  
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Figure 40 Proton conductivity versus IEC for partially sulfonated P(VDF-co-HFP)-b-PS 
block copolymer membranes. 
As shown in Figure 40, the incremental increase in conductivity with IEC is 
initially small but increases significantly between 0.5 and 0.8 mmollg. Conductivity 
levels off at 1.2 mmollg, and decreases slightly with further increase in IEC. These 
observations are correlated to the water content of the membranes. Membranes with low 
IEC absorb very little water and the volume of the hydrophilic regions is not sufficient to 
form a percolated network of ions. Between 0.5 and 0.6 mmollg (DS 17 and 22%) a 
percolation threshold is presumably achieved. Sulfonated poly(styrene-b-[ethylene-co- 
butylenel-b-styrene) (S-SEBS) block copolymer membranes exhibit a similar percolation 
threshold in the same region of IEC: It was found by Kim et al. [85] that proton 
conductivity of S-SEBS increased sharply when DS of the PS blocks exceeds 15 mol% 
(-0.4 mmollg IEC). For graft copolymers of styrene and sodium styrene-sulfonate, Ding 
et al. [I351 found that the conductivity increased significantly when the ion content 
(equivalent to degree of sulfonation) is > 13%. A similar percolation threshold is 
observed by Carretta et al. for a DS of -15 mol% for partially sulfonated polystyrene 
membranes [147]. Also, the percolation threshold of conductivity was observed at 1.2 
mmollg for S-PEEK membranes [105]. However, it should be noted that for sulfonation 
of PS homopolymers, a DS of -15 mol% gives rise to a much higher IEC (1.24 mmollg 
IEC) than the block copolymers, because of the absence of a non-styrenic phase, and thus 
care should be taken in comparing polymers based solely on DS. 
[P(VDF-CO-HPP)-b-SPS] 
Nafion 117 
Figure 41 Plot of conductivity versus I. for partially sulfonated P(VDF-co-HFP)-6-PS block 
copolymer membranes. 
The decrease in proton conductivity between the 1.18 (0.08 Slcm) and 1.31 
mmollg (0.076 Slcm) membranes is due to a significant increase in water uptake and a 
resulting drop in proton concentration. Proton concentrations of the P(VDF-co-HFP)-b- 
SPS membranes were calculated using equation (9) and are listed in Table 5. [H'] for the 
1.3 1 mmollg IEC membrane is 0.32 M, which is half that of the 1.1 8 mmollg membrane 
(0.69 M). Similar effects of increasing water content and decreasing proton concentration 
on proton conductivity have been observed in other polymer systems. The conductivity 
of sulfonated trifluorostyrene copolymers droppped significantly above 1.96 mmollg IEC 
due to a substantial decrease in proton concentration [146]. For block copolymers, 
conductivity of S-SIBS membranes leveled off at 0.94 mmol/g IEC [94] and for S-SEBS 
the conductivity did not increase between 1.12 and 1.71 mmollg IEC [ I  461. In contrast, 
the conductivity of EWE-g-PSSA radiation graft membranes is reported to continuously 
increase with IEC in the range of 2.45-3.27 mmollg [I461 but this is due to the rigid 
nature of the base polymer membrane which prevents the membrane from swelling 
excessively. 
h indicates the average number of water molecules associated with each sulfonic 
acid site. It is reported that the proton conductivity of perfluorosulfonic acid membranes 
increases significantly when lambda values are > 6 [148]. Figure 41 plots the 
relationship between conductivity and h for partially sulfonated P(VDF-co-HFP)-b-SPS 
membranes. For membranes possessing IEC < 0.5 mmol/g h is 2-3 indicating an 
extremely "water poor" environment, in the context of aiding proton conductivity, and 
consequently, proton conductivities are low (1 o - ~ -  1 om3 Slcm). When the IEC of the 
membranes is such that when h values increase from 11 to 42 the proton conductivity 
sharply increases. Note that proton concentrations for each membrane are similar 
indicating that the increase in conductivity is largely due to increased mobility of the 
protons. In a similar range of h, conductivity increases for sulfonated trifluorostyrene (h, 
10-33) and S-SEBS block copolymers (h, 24-46) [146]. A similar observation is 
observed for P(VDF-co-HFP)-b-SPS membranes: When h is >- 40 conductivity no 
longer increases with h, and as the lambda is increased from 42 to 165 the conductivity 
decreases from 0.08 to 0.076 Slcm. Similarly, no increase in conductivity was observed 
for S-SEBS block membranes when h increased from 46 to 147 [146]. It is concluded 
that for sulfonated block copolymer membranes, increasing h values (when h is < 40-50) 
increases proton conductivity by enhancing proton mobility, but above this value, 
increasing h simply serves to dilute the proton concentration and this effect outweighs 
any further increase in proton mobility. 
When the IEC of the partially sulfonated P(VDF-co-HFP)-b-PS membranes lies 
between 0.9 and 1.1 mmollg the conductivity is 0.06-0.08 Slcm, which is comparable to 
~ a f i o n @  117. Table 7 lists conductivity values of several other sulfonated block-, graft- 
and randomly- sulfonated polystyrene membranes possessing degrees of sulfonation 
between 32 and 40 mol% or IECs between 0.9 and 1.1 mmollg. For S-SEBS triblock and 
S-SPBS diblock membranes IEC values are calculated according to the weight 
percentage of polystyrene and the degree of sulfonation reported. Partially sulfonated 
polystyrenes can be considered to be random copolymers of polystyrene and sulfonated 
polystyrene. The conductivity of random copolymer membranes is reported to be in the 
range of 0.001 5-0.0023 Slcm for IECs of 0.93-1.24 mmollg. The proton conductivities of 
all the block or graft copolymer membranes listed in Table 7 lie between 0.012-0.080 
Slcm and possess IECs of 0.89-1.1 5 mmollg. It can be concluded from Table 7, that the 
conductivity of the P(VDF-co-HFP)-b-SPS block copolymer membranes are at least an 
order of magnitude higher than the randomly structured sulfonated polystyrene 
membranes [135;147]. Secondly, comparing fluorous block copolymer membranes with 
non-fluorous (block and graft), it can be observed that the conductivity of P(VDF-co- 
HFP)-b-SPS membranes is much higher. For example, the conductivity of P(VDF-co- 
HFP)-b-SPS membranes having 0.89 mmollg IEC is 0.055 Slcm while that for S-SEBS 
block membranes is reported to be 0.03 Slcm for 0.92-0.94 mmollg IEC; and the 
conductivity of S-SIBS block membranes is 0.025 Slcm at 0.97 mmollg IEC. The 
conductivity of P(VDF-co-HFP)-b-SPS block membrane with 1.08 mmollg IEC is 0.080 
Slcm while the conductivity of S-SEBS block membranes is reported to be 0.037-0.05 
Slcm for 1.12-1.13 mmollg IEC; and the conductivity of S-HPBS block membrane is 
only 0.01 5 Slcm at 1.15 mmollg IEC. 
The fluorine-containing block copolymer membranes exhibit almost twice the 
proton conductivity of non-fluorinated block and graft copolymer membranes. It is 
known that fluoropolymers possess much lower surface tension than other polymer 
structures. It can be concluded that the dissimilarity of the two segments improves phase 
separation and enhances the proton conductivity. Nevertheless, Poly(vinylidene 
difluoride) is only a partially fluorinated polymer and its surface tension (33.2 dydcm at 
20 OC) is higher still than perfluoropolymers such as PTFE (23.9 dydcm at 20 OC) [58]. 
Accordingly, it is predicted that the proton conductivity of similar block copolymer 
membranes prepared with perfluoropolymer segments would even higher. 
Table 7 Proton conductivity of sulfonated polystyrene membranes. 
P(VDF-CO- 0.055 
HFP)-b-SPS a This work 
(3 1 wt% PS) 0.080 
Polymer IEC 
(mmoVg) 
DS 
SPS 
(Random) 
a: Sulfonated poly([vinylidene difluoride-co-hexafluoropropylene]-b-styrene) block 
copolymers 
b: Sulfonated polystyrene 
S-SEBS 
Triblock 
(28 wt% PS) 
S-SIBS 
Triblock 
(3 lwt% PS) 
S-HPBS 
Diblock 
(30 wt% PS) 
SPS 
(Graft) 
c: Sulfonated poly(styrene-b-[ethylene-co-butylenel-b-styrene) copolymers (S-SEBS) 
d: Sulfonated poly(styrene-b-isobutylene-b-styrene) block copolymers S-SIBS 
e: Sulfonated hydrogenated poly(butadiene-b-styrene) diblock copolymers (S-HPBS) 
f: PS-g-macPSSA graft copolymers 
g: calculated from weight percentage of polystyrene and degree of sulfonation. 
Conductivity 
(Slcm) 
15 
- 
12 
References 
3 4 
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(0. 
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0.97 
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2.3.2.6 Conductivity as a Function of Temperature and Humidity 
Proton conductivity of polymer membranes is known to be a function of both 
temperature and water content [75;149] and it is therefore pertinent to determine the 
influence of external conditions on conductivity so that limitations of operation can be 
identified. Generally, for a given humidity, conductivity increases with temperature until 
dehydration becomes a predominant factor, whereas at constant temperature conductivity 
decreases as humidity decreased. As examples, the conductivity of Nafion 117 under 
100% RH increases from 0.1 Slcm to 0.2 Slcm when the temperature is raised from 30 "C 
to 85 "C [ I  501, and at 30 "C the conductivity of Nafion 1 17 decreases from 0.066 Slcm to 
0.00014 Slcm as RH decreases from 100% to 34% [15 11. At 100% RH, the proton 
conductivity of sulfonated poly(styrene-b-isobutylene-b-styrene) block copolymer 
membrane (S-SIBS, 0.96 mmollg IEC) is 0.025 Slcm at 21/22 "C and increases to 0.083 
Slcm at 80 "C [94; 15 11. 
As shown in Figure 42, the conductivity of partially sulfonated P(VDF-co-HFP)- 
b-SPS copolymer membranes increases with increasing RH at 30 "C. Comparing the 
0.89 mmollg IEC membranes with Nafion 117, it is found that P(VDF-co-HFP)-b-SPS 
block membrane possesses a similar trend. Since water absorption is directly related to 
the ambient RH these data reflect the change in conductivity with water content. Due to 
dehydration of the membranes at low RH (<65%) the conductivity of the membranes is 
less than 0.01 Slcm. With increasing RH the conductivity of these membranes increases 
exponentially. Similar observations are reported for Nafion 1 17 [I  5 1 ; 1521 and S-PEEK 
[751. 
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Figure 42 Proton conductivity versus relative humidity for P(VDF-co-HFP)-6-SPS 
membranes possessing different IEC, and Nafion 117, at 30 OC. 
The relationship between conductivity and temperature for membranes with 
different IEC in a 95% relative humidity environment is shown in Figure 43. The 
conductivity of three different IEC membranes increases with temperature from 30 to 90 
"C. Although further work is required to determine whether this trend extends to higher 
temperatures, this is an interesting observation since not all PEMs continue to increase in 
conductivity up to 90 OC. The conductivity of Nafion 117 under the same conditions 
increases between 30 and 50 OC but decreases above 50 "C. A similar observation is 
reported for Nafion (EW=1100 glmol) at 100% RH, with the maximum conductivity 
occurring at 60•‹C [153]. Proton conductivity of S-PEEK membranes at 100% RH is also 
reported to decrease above 70 "C [75]. 
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Figure 43 Proton conductivity versus temperature for P(VDF-co-HFP)-6-SPS membranes 
possessing different IEC, and Nafion 117, under constant humidity (95% RH). 
From the slopes of natural logarithm i.e. plots of conductivity versus 10001T 
(shown in Figure 44), the activation energy for proton transport was found to be 25.7, 
13.9, and 17.1 kJ1mol for P(VDF-co-HFP)-b-SPS membranes with IEC of O.72,0.89 and 
1.18 mmollg, respectively. Compared with reported values of Nafion 1 17 membranes 
(7.8 [154], 9.6 [I501 and 13.5 [I551 kJ1mol) and Nafion 112 (18.3 kJ1mol) [81], the 
activation energies of P(VDF-co-HFP)-b-SPS membranes are on average much higher 
than Nafion 117. The activation energies for proton conduction of S-SIBS block 
copolymer membranes are reported to be much higher still: 18.1 kJ1mol for a 0.96 
mmollg IEC membrane, 25.0 N m o l  for 0.62 mmollg IEC and 41.2 kJ1mol for 0.45 
mmollg IEC membranes [94]. The activation energies for conductivity through P(VDF- 
co-HFP)-b-SPS membranes show a decreasing tendency from (25.7 to 17.1 kJ1mol) as the 
IEC increase, which agrees with the experimental data for S-SIBS block copolymer 
membranes where the activation energy is reported to fall from 41.2 to 18.1 kJ1mol when 
the IEC increases from 0.45 to 0.96 mmollg [94]. A similar trend was reported for 
SPEEK membranes: the activation energy for a 39% DS membrane (-1.2 mmollg IEC) is 
41.0 W/mol and for a 47% DS SPEEK (-1.35 mmollg IEC), 33.5 Wmol. The lower IEC 
membranes possess lower ion content and form smaller, more isolated, ionic clusters; 
thus, proton conductivity is more restricted and temperature plays a more dominant role. 
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Figure 44 Natural logarithmic plots of conductivity versus 10001T (Kevin). 
2.3.3 Fully Sulfonated Block Copolymers 
Proton conductivity and IEC 
Two series of sulfonated P(VDF-co-HFP)-b-PS block copolymers with -1 00% 
DS have been prepared by ATRP of styrene initiated by two different molecular weight 
P(VDF-co-HFP) macroinitiators (M,= 20,900 and 24,300 glrnol). In each series, the 
length of the polystyrene block chains was increased while the fluoropolyrner block 
segments was kept constant. Measured IEC and conductivities are listed in Table 8 for 
P(VDF-co-HFP)-b-SPS membranes possessing 20,900 glmol fluoropolymer block 
segments (named henceforth: Fully Sulfonated 21 k) and in Table 9 for P(VDF-co-HFP)- 
b-SPS membranes possessing 24,300 glmol fluoropolymer block segments (named 
henceforth: Fully Sulfonated 24k). 
Table 8 Properties of [P(VDF-co-HFP)-b-SPS] membranes possessing 20,900 glmol 
fluoropolymer block segments (Fully Sulfonated 21k) 
Measured IECa 0.09 0.11 0.40 0.84 1.13 1.24 
(mmoh)  *0.01 iO.01 *0.10 *0.01 *0.04 *0.02 
Conductivity 5.2 7.5*5 1.1*0.2 1.9 7.3*0. 1 9.7 
 SIC^) x1~- -5  x1~-6 x ~ o - ~  x10-2 x10-~ x10--~ 
Water ContentC 14 13 20 32 46 60 
(wt%) * 1 *2 * 1 *o *3 *o 
Water uptakeC 16 15 25 48 76 150 
(wt%) * 1 *2 *2 *o * 1 * 5  
~ & 0 l / [ S 0 i ]  103 77 39 31 38 67 
*5 *12 *15 * 1 *3 *3 
[H+l (M) 0.10 0.13 0.38 0.74 0.94 0.65 
*0.01 *0.01 *0.04 *0.02 
a: by titration 
b: room temperature and 100% RH 
c: room temperature 
Conductivity data of the two fully sulfonated series are plotted in Figure 45 as a 
function of IEC. The conductivity of Nafion 117 is included for comparison. Since most 
of the sulfonated block copolymer membranes reported in the literature are only partially 
sulfonated, the properties of these two series, Fully Sulfonated 2 1 k and Fully Sulfonated 
24k, are compared only with the partially sulfonated block copolymer membranes 
prepared in this chapter. 
Table 9 Properties of [P(VDF-co-HFP)-b-SPS] membranes possessing 24,300 glmol 
fluoropolymer block segments (Fully Sulfonated 24k) 
Measured IECa 0.07 0.34 0.46 0.64 0.70 1.20 
( m m o h )  *0.02 *O *O.O 1 *0.02 *0.04 
Conductivity 5.8*0.8 9.0*0.8 6.1*0.2 2.3*0.1 2.8*0. 1 1.1 
 SIC^) XIO--~ X ~ O - ~  x ~ o - ~  XIO--~ XIO--~ XIO-I 
Water ContentC 15 19 20 27 33 61 
(wt%) * 1 * 1 * 1 * 1 * 1 * 1 
Water uptakec 17 23 25 38 50 154 
(wt%) * 1 * 1 *2 *2 *2 *3 
a: by titration 
b: room temperature and 100% RH 
c: room temperature 
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Figure 45 Proton conductivity versus IEC for fully sulfonated P(VDF-co-HFP)-b-PS block 
copolymer membranes. The designations of 21k and 24k refer to the molecular weight of the 
fluoropolymer segments. 
As shown in Figure 45, the increase in conductivity with IEC is initially small 
when IEC < 0.4 mmollg but increases significantly when IEC exceeds 0.4 mmollg. 
Between an IEC of 0.4 and 0.6 mmollg a percolation threshold is achieved. This 
threshold occurs at lower IEC than that observed for the partially sulfonated P(VDF-co- 
HFP)-b-PS (0.5-0.6 mmollg) series. 
As opposed to the partially sulfonated P(VDF-co-HFP)-b-PS series, the 
conductivities of Fully Sulfonated 21k and Fully Sulfonated 24k do not level off up to 
IEC of 1.2 mmollg. This is because at high IEC (1.2 mmollg for both 2 1 k and 24k series) 
the proton concentrations are 0.65 M (listed in Table 8 and Table 9), which is much 
higher than that for the corresponding partially sulfonated P(VDF-co-HFP)-b-PS 
membrane, (IEC=1.31 mmollg, [~+]=0.32 M). It should also be noted that when 
comparing the two fully sulfonated P(VDF-co-HFP)-b-PS series, the proton 
conductivities of the membranes with higher molecular weight (24k) fluoropolymer block 
segments are higher than that of lower molecular weight fluoropolymer segment 
membranes. This evidence supports the conclusion stated in the partially sulfonated 
P(VDF-co-HFP)-b-PS section that fluoropolymer segments incorporated into block 
copolymer structures enhance proton conductivity. 
Water sorption 
Water uptakes and water contents of the fully sulfonated membranes in their 
protonic form were measured and are listed in Table 8 and Table 9. In general, the 
amount of water absorbed by the membrane increases with increasing IEC. To aid the 
comparison of the water sorption properties of fully sulfonated membranes with that of 
partially sulfonated membranes, a plot of water uptake vs. IEC including all three series 
is shown in Figure 46. For partially sulfonated membranes with low IEC (<0.5 mmol/g) 
the sulfonic acid groups are randomly distributed along the polystyrene chains decreasing 
the amount of ion clusters formed. Therefore, when these membranes are immersed in 
water the uptake is extremely low. On the other hand, the sulfonic acid groups in fully 
sulfonated membranes are in close proximaty which facilitates the formation of ion 
clusters in wet membranes making water uptake easier even when the IEC is low (<0.01 
mmo llg). 
For partially sulfonated membranes in the high IEC region (>0.8 mmollg), ion 
clusters are well connected forming ionic channel networks, and water uptake increases 
sharply (388 % water uptake for 1.31 mmoVg IEC membrane). However, for fully 
sulfonated membranes the ion clusters exhibit spherical shape morphology and are not 
well interconnected, making the water uptake increase not as dramatic as that of the 
partially sulfonated membranes. 
-+ Partially Sulfonated 18k 
-a- Fully Sulfonated 2 1 k 
t- Fully Sulfonated 24k 
0 0.2 0.4 0.6 0.8 1 1.2 1.4 
IEC (mmoyg) 
Figure 46 Water uptake of sulfonated P(VDF-co-HFP)-6-PS membranes. 
h values, observed for fully sulfonated P(VDF-co-HFP)-b-PS membranes are 
shown in Table 8 and Table 9, are quite different than those observed for the partially 
sulfonated polymers listed in Table 5. In the lower IEC range, the 3L values for both series 
of fully sulfonated polymers are much larger (>I 00) than those of the partially sulfonated 
polymers. Whereas the low IEC, <0.5 mmol/g, partially sulfonated polymers absorbed 
only trace amounts of water, <1.5%, the fully sulfonated polymers of similar IEC, <0.1 
mmol/g, absorbed 15%. This observation indicates that fully sulfonated PS chains create 
clusters of ions that can be hydrated. On the other hand, in the high IEC range, I E 0 1 . 2  
mmollg, h values observed for the fully sulfonated series were much lower than those 
observed for the partially sulfonated polymers, suggesting that the enhanced phase 
separation prevents excessive swelling. 
2.3.4 TEM Morphology 
2.3.4.1 TEM Morphology of ~afion's 
Information on the morphology of membranes can be acquired from TEM images. 
In order to investigate phase separation and ionic aggregation, membranes were stained 
with lead acetate. Therefore, in TEM images the dark areas represent domains of high 
ionicity and the brighter areas represent hydrophobic regions. Typical morphologies of 
dry proton conducting membranes observed in the literature are spherical, worm-like, or 
lamellar. For example, Nafion membranes exhibit 2-10 nm nearly-spherical ion clusters 
[122;124-1261, whereas worm-like ionic domains have been observed for graft ionomers 
[132-1351. 
Dupont's perfluorosulfonic acid membrane, Nafion, is one of the mostly studied 
PEMs in terms of microstructure and fuel cell application related properties. For this 
reason the properties of any newly developed membrane are usually compared with 
Nafion. 
Using TEM, Porat et al. [127] investigated the microstructure of Nafion films 
recast from solution. Single crystals randomly distributed throughout the films were 
observed and the size of ionic clusters was estimated at -5 nm. Until recently however, 
most studies of the microstructure of perfluorinated ionomer membranes have focussed 
on small-angle X-ray scattering techniques. Therefore only a few reports using the TEM 
approach can be found in the literature and this has created a demand for a more detailed 
study of the micro, or nano, phase separation morphology by TEM. 
Nafion membrane with varying IECs Three Nafion samples with varying IECs 
were examined by TEM and their proton conductivities and water sorption properties 
were measured (listed in Table 10). As expected, the water content and water uptake, as 
well as proton conductivity increases with an increase in IEC. The conductivity of Nafion 
117 has been reported by numerous groups, predominantly by ac impedance. Slade et al. 
[137] have written a comprehensive review of proton conductivity of Nafion and 
determined that most values lie within the range of 0.07-0.10 Slcm for water swollen 
membranes at room temperature. The measured proton conductivity for Nafion 117 in 
this work was 0.079 Skm, which compares well with literature values [156]. 
Table 10 Properties of Nafion possessing varying IEC 
c : measured at room temperature 
TEM images of the Nafion series are shown in Figure 47. While the ion clusters 
IEC a 
(mmollg) 
in all three Nafion examples resemble spherical morphology, the cluster size and density 
a:. calculated from the equivalent weight (EW). IEC=lOOO/EW 
b: determined by titration 
IEC 
(mmollg) 
1.09 
0.97 
0.87 
N 1035 
N 117 
N 120 
1 .OO 
0.91 
0.83 
Water 
Uptake 
(wt%) 
5 1 
29 
18 
Water 
Content 
(wt%) 
34 
23 
15 
Conductivity 
(Slcm) 
0.086 
0.079 
3.90E-04 
[H20I/[SO3-1 
26 
17 
11 
of cluster distribution vary throughout the series. The size of ion clusters has been 
estimated as 2-3 nm for Nafion 120, 4-6 nm for Nafion 1 17 and 8- 12 nm for Nafion 
1035. The observation that the cluster size increases with increasing IEC, or ion content, 
agrees well with the Eisenberg-Hird-Moore model [ I  191. The density of ion clusters (the 
ratio of dark domains to bright domains) also increases with an increasing IEC. Since the 
membrane with the largest and most dense ion clusters is also the membrane with the 
highest conductivity, and vice versa, it can be concluded that the proton conductivity of 
Nafion membranes is directly related to morphology. 
High magnification TEM for Nafion 11 7 TEM images were obtained at higher 
magnification, up to 1,000,000, in order to examine the detailed nanostructure of Nafion 
membranes. Selected images are shown in Figure 48. It has been argued that TEM 
images contain an overlap of all the features exposed through the (60-1 00 nm) slice of the 
membranes and therefore the images at low magnification may not represent the real 
morphology of the ion cluster. However, single ion clusters can be clearly observed at 
285k and lOOOk magnification. Fringe images observed at higher magnification illustrate 
the ordered or crystallized structure formed by lead ion aggregation. 






and Figure 54D. Ordered ionic channels are clearly connected, and form an ionic channel 
network possessing 20-40 nm inter-domain spacings. The width of the channels is 
estimated to be in the range of 8- 15 nm. 
Upon traversing the series of membranes with increasing degree of sulfonation, an 
order-disorder transition in morphology is observed (see Figure 54E and F). Although 
soluble in water, the membrane with 100% degree of sulfonation did not dissolve in lead 
acetate solution, and hence a TEM image was obtained as shown in Figure 54F. It is 
observed that at this high ion content the interface between ion channels and the 
hydrophobic matrix is less sharp and the ionic domains aggregate, tending towards 
disordered structures. However, the ionic channel networks are still interconnected. 


2.3.4.3 Fully Sulfonated Block Copolymers 
TEM images of the two series of fully sulfonated P(VDF-co-HFP)-b-PS 
membranes possessing different lengths of sulfonated polystyrene chains are shown in 
Figure 55 and Figure 56. No ion phase separation morphology is observed for the 
membrane possessing the lowest IEC for both series (IEC = 0.09 mmollg, Fully 
Sulfonated 21k and IEC = 0.07, Fully Sulfonated 24k). Therefore it is not surprising that 
both these membranes exhibit poor proton conductivity (lo-' Slcm). The same 
observation was obtained for the corresponding partially sulfonated membrane (IEC=0.35 
mmollg) in the previous section. With increasing IEC (IEC > 0.40 mmollg), or length of 
sulfonated polystyrene chain, a spherical morphology developed for both series (see 
Figure 55 and Figure 56, B, C and D. The size of the ion clusters increases (dark 
domains) from 6-8 nm to -20 nm, with increasing IEC. Unlike the partially sulfonated 
polymers no order-disorder transition in morphology is observed. It can be concluded that 
the proton conductivity of fully sulfonated membranes is dependant on the size of the ion 
cluster formed: Higher conductivity can be achieved when larger ion cluster domains are 
formed, as was observed for the Nafion series. It is also noticed that the ion cluster size of 
the P(VDF-co-HFP)-b-SPS block copolymer membranes is larger than that of Nafion for 
similar IEC. Therefore it can be concluded that block structures can induce phase 
separation to form larger ion cluster morphologies. 


increase in degree of sulfonation. In the low IEC region (<0.5 mmollg), very low water 
contents are observed for partially sulfonated membranes having a DS < 17% whereas 
15-25% water uptakes are observed for the fully sulfonated membranes. In contrast, at 
high IEC (>1.2 mmollg), high h values (165) are observed for the partially sulfonated 
membranes while much lower h values (68) are observed for fully sulfonated membranes 
of similar IEC. Proton conductivity only becomes significant when the IEC of the 
membranes is in the range 0.5-1.2 mmollg---with the range 0.9-1.2 mmollg exhibiting a 
conductivity similar to that of Nafion 1 17. 
The microstructure of partially sulfonated P(VDF-co-HFP)-b-PS membranes 
exhibits an order-disorder morphological transition with increasing degree of sulfonation. 
Connected networks of ion channels, having 8-1 5 nm width, are observed for dry P(VDF- 
co-HFP)-b-SPS membranes sulfonated at 22-40 mol% (0.6-1.2 mmollg IEC). Spherical 
ion cluster morphology is observed for both series of fully sulfonated P(VDF-co-HFP)-b- 
PS membranes, except for the very low IEC membranes (IEC<O. 1 mmollg). 
For partially sulfonated membranes, the conductivities observed for the P(VDF- 
co-HFP)-b-SPS block copolymer membranes are higher than those of non-fluorous block 
copolymer membranes. It can be concluded that fluoropolymer segments induce well 
connected channel networks which enhance proton transport. Therefore conductivity of 
the membrane is strongly related to both chemical structure and morphology. It is also 
suggested that block copolymers with perfluoropolymer segments lead to even greater 
proton conductivity. Although it is recognized that sulfonated polystyrenes may not be 
sufficiently stable under fuel cell operating conditions, these results may be useful in the 
design of alternative PEM materials. 
The study of Nafion morphology, using TEM, revealed that proton conductivity 
increases as the size of the ion clusters increases, for varying IEC membranes. 
Furthermore the morphology and size of the ion clusters change when the preparation 
conditions are varied. Further research on the morphology of hydrated PEMs using Cryo 
TEM is warranted. 
CHAPTER THREE: SYNTHESIS AND 
CHARACTERIZATION OF SULFONATED 
POLY [ARYLENE ETHER SULFONE 4- VINYLIDENE 
DIFLUORIDE] 
3.1 Introduction 
Sulfonated Block Copolymers The study of proton conducting polymers is of 
interest due to their application in proton exchange membrane (PEM) fuel cells. Although 
much attention continues to be paid to perfluorosulfonate ionomer (PFSI) membranes 
[137; l57;158], their high cost and difficult synthesis and processing [159;160] have led 
to researchers investigating proton conducting polymer membranes based on acid 
complexes of basic polymers [16 1 ; 1621, sulfonated polyarylenes [1O3; 163- 1651, grafted 
sulfonated polystyrene [166; 1671, and organic-inorganic hybrids [168; 1691. The 
morphology of these polymers is expected to play an important role in determining the 
membranes' mechanical strength, water uptake, proton conductivity and electro-osmotic 
drag. In PFSI membranes, for example, a "channel-like" network of ions accounts for 
high proton conductivity, given their relatively low IEC. However, Nafion, when 
dissolved and recast into membranes, can exhibit an ionic conductivity up to 4 orders of 
magnitude lower- affirming to importance of polymer morphology [170]. The 
development of model polymers that can assist in the understanding of morphological 
formation and its role on membrane properties is both a challenge and opportunity. 
Recently, the study of phase separation in well-defined polymers bearing different 
graft chain length of styrenesulfonic acid units emphasized how the formation of ionic 
networks modifies water sorption and substantially improves proton conductivity 
[l32; 134; 1351. Block copolymerization is another route to achieve phase-separated 
morphologies, as is polymer blending; but in general morphologies obtained using block 
copolymers can be more precisely controlled, and on a much smaller dimensional scale 
than blends [171]. As reviewed in the introduction to Chapter Two, there are several 
reports of proton conducting membranes based on block copolymers incorporating 
sulfonated polystyrene, including partially sulfonated polystyrene-b-poly(ethy1ene-r- 
butylene)-b-polystyrene (S-SEBS) [86;96; 172; 1731, and partially sulfonated polystyrene- 
b-polyisobutylene-b-polystyrene (S-SIBS) [94]. These are focused on studying the 
important insights into structure-property relationships for PEM membranes even the 
benzylic carbon-hydrogen bonds of the poly(styrenesulfonic acid) are susceptible to 
chemical attack and rapid degradation-which limits their employment in fuel cells [174]. 
Besides the sulfonated P(VDF-co-HFP)-b-PS discussed in Chapter Two, it has proven 
desirable to explore the design and synthesis of other series of novel block copolymers, in 
order to further examine the relationship between polymer structure, morphology, and 
proton conductivity. 
Poly(ary1ene ether sulfone)~ and their block copolymers Rigid-rod 
poly(ary1ene ether sulfone)~ (PAES) are a class of high performance thermoplastic 
polymers characterized by a high glass transition temperature, good mechanical strength 
and stiffness, and outstanding resistance to thermal and oxidative degradation. They are 
used in a variety of applications including ultra-filtration, coatings, adhesives, 
composites, moulded components, and toughening agents [175]. Poly(ary1ene ether 
sulfone)~ are also under intense investigation, in their sulfonated form, as solid polymer 
electrolytes in fuel cells [ I  03; 165; 1761. 
Desirable properties of engineering plastics often cannot be attained with a 
homopolymer. Copolymerization, therefore, is an important tool for modifying the 
characteristics of a polymer system; and block copolymerization is particularly important 
since block copolymers display a microphase-separated morphology in which the 
physicochemical properties of individual block components can be realized in a single 
polymer structure. Phase separated morphologies may also be obtained by blending two 
polymers but, in general, the morphologies obtained with block copolymers are more 
precisely controlled, and on a much smaller dimensional scale [171]. 
Block copolymers containing segments of poly(ary1ene ether sulfone) (PAES) 
may be prepared by reaction of PAES, possessing a,o-bifunctional groups, with other 
polymers having complimentary terminal groups. Block copolymers containing PAES 
segments have been synthesized by reaction of hydroxyl-terminated PAES oligomers 
with dimethylamino-terminated polydimethylsiloxane [177; 1 781, a,o-dichlorocarbonyl 
oligo-butadienes [179], a,o-dichlorocarbonyl polyester [180], a , d i e p o x y  
oligosiloxanes [18 11, chlorine-terminated poly(pheny1ene sulfide) oligomers [182], and 
fluorine-terminated poly(ether ether ketone) oligomers [183]. Synthesis of PAES block 
copolymers have also been reported by reaction of low molecular weight, fluorine- 
terminated PAES with silyl ether terminated xylene ether oligomers [184], silylated 
poly(pheny1ene oxide) [185], and by reaction of chlorine-terminated PAES with a,o- 
di(hydrogensily1) polydimethylsiloxane [186], and by using chlorine-terminated PAES as 
initiators for the polymerization of caprolactam [186; 1871. Other low molecular weight, 
telechelic PAES polymers employed in the synthesis of block copolymers include a,* 
diallyl oligosulphones, reacted with a,o-disilane oligosiloxanes [188]; a,o-diepoxy 
oligosulphones reacted with a ,dicarboxylic  oligobutadienes [189]. Poly(ether ether 
ketone-b-AES) [l9O- 1921, and poly(ethy1ene oxide-b-AES) [193] have also been 
synthesized via nucleophilic polycondensation. 
Purpose of this Chapter An important class of polymers not yet incorporated 
into poly(ary1ene ether sulfone) block copolymers are fluoropolymers. The latter exhibit a 
unique combination of high thermal stability, chemical inertness, low dielectric constant 
and dissipation factor, low water absorptivity, and good resistance to oxidation and aging. 
They are especially useful as engineering materials. Poly(viny1idene fluoride) (PVDF), 
for example, is a commercial fluoropolymer that finds extensive use in a wide range of 
products, including wire and cable sheathing, electronic devices, and chemical and 
related processing fields [193; 1941. However, literature on the preparation of block 
copolymers containing fluoropolymer segments is sparse because fluoropolymers cannot 
readily be polymerized by living polymerization---a conventional method for the 
synthesis of block copolymers. A limited number of fluoro-containing block copolymers 
that have been reported to date have been prepared by polycondensation or polyaddition 
of fluorinated telechelics [195]. 
In this chapter, the preparation of block copolymers based on rigid-rod 
poly(ary1ene ether sulfone) [PAES] and flexible segments of polyvinylidene fluoride 
(PVDF), synthesized by polycondensation of a , d i h y d r o x y  poly(arylene ether sulfone) 
precursors and a,m-dibromo polyvinylidene fluoride is described according to the 
scheme shown in Figure 57. We believe this to be the first reported example of this class 
of block copolymer. Selected block copolymers are post-sulfonated to yield 
corresponding proton conducting polymers (depicted in Figure 58) and their 
physicochemical properties are compared to those of sulfonated bisphenol A polysulfone 
homopolymers. The effect of incorporating high surface energy fluoropolymer blocks on 
film morphology and proton conductivity are examined for a wide range of IEC 
membranes. 
DMAC or NMP - 
/Toluene Refluxing 
K2C03 - H { O - A ~ - O Q ~ ~ ~ ~ A ~ - O H  0 
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Figure 57 Synthesis of poly(ary1ene ether sulfone)~ and poly(arylene ether sulfone-b- 
vinylidene difluoride) block copolymers. 
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Figure 58 Sulfonation of bisphenol A polysulfone and bisphenol A polysulfone-b-PVDF 
copolymer. 
3.2 Experimental Section 
3.2.1 Materials 
4,4'-(1 -methylethylidene)bisphenol (Bisphenol A, I), 1, I '-biphenyl-4,4'-diol (4,4'- 
biphenol, 2), 4,4'-(hexafluoroisopropylidene)diphenol (hexafluorobisphenol A, 3), and 
1,1'-sulfonylbis(4-chloro)benzene(dichlorodiphenylsulfone) (DCDPS) (Aldrich) were 
recrystallized from toluene before use. Anhydrous potassium carbonate (Aldrich) was 
ground in a mortar and pestle, and dried at 150 OC for 24 hours. N, N-dimethylacetamide 
(DMAc), dimethyl sulphoxide (DMSO) and N-methyl-2-pyrrolidone (NMP) were dried 
and stored over 4f1 molecular sieves before use. Sodium hydride, 60% dispersion in 
mineral oil (Aldrich); 1 , 1 -difluoroethylene (Lancaster Synthesis); Di-tert-butylperoxide 
(DTBP) (Aldrich); and 1,2-dibromo-tetrafluoroethylene (DBTFE) (from ABCR); 
acetone-D6 and CDC13 (Cambridge Isotope Laboratories); trimethylsilyl chlorosulfonate 
(Aldrich) and chloroform (Caledon, spectro grade) were used as received. 
3.2.2 Synthesis of a,a-Dibromo Poly(viny1idene fluoride) (PVDF) 
a,wDibromo poly(viny1idene fluoride) (PVDF) was prepared by radical 
telomerization using di-tert-butylperoxide (DTBP) initiator, and 1,2-dibromo- 
tetrafluoroethylene (DBTFE) as the telogen[50]. All reactions were carried out in a 160 
mL pressure vessel (Parr Instrument) using the following procedure: VDF, 1,2-dibromo- 
tetrafluoroethane (DBTFE) (50 mL) and di-tert-butylperoxide (DTBP) (0.92 mL) were 
heated to 110 OC for 4.5 h, while maintaining the pressure of VDF at 300 psi. The 
product was dissolved in acetone and precipitated from n-hexane. The solid was purified 
by dissolving it in THF and passing the solution through a silica gel 60 (EM Science) 
column. After removal of solvent, the solid was washed with methanol, centrifuged, 
dissolved in acetone, precipitated from n-hexane, centrifuged, and the remaining solvent 
removed at 50 "C under vacuum for 24 hours. 2.40 g of PVDF were obtained. The 
polymer possessed a number-average molecular weight of 1200 glmol, as determined by 
elemental analysis of the Br content (13.3%) in the polymer, or 1100 glmol, as estimated 
by GPC. 
3.2.3 Synthesis of Poly(ary1ene ether sulfones) (PAES) 
PAES polymers were synthesized according to the scheme depicted in Figure 57. 
(a) Bisphenol A-based polymers (PAESl): In a 50 mL flask, equipped with a 
Dean-Stark trap, reflux condenser, bisphenol A (1) (2.08 g), 1,l'-sulfonylbis(4- 
ch1oro)benzene (2.39 g) and potassium carbonate (1.52 g) were dissolved in a mixture of 
10 mL DMAc and 10 mL toluene. The mixture was refluxed at 150-160 "C for 4 hours 
under nitrogen. Toluene was removed, and the mixture heated for a further 15 h at 150- 
160 "C. In order to insure the polymers possessed terminal phenol groups, 10 mol% 
excess of 1 was added in 10 mL of toluene, and the reaction mixture refluxed for an 
additional 5 h. The mixture was filtered, and the solution poured into methanol and water 
(1:l vlv). The precipitated solid was stirred in distilled water at 80 "C for 4 hours to 
remove salts, filtered, and dried under vacuum at 80 "C to provide 3.38 g of PAESl in 
92% yield. The GPC-determined molecular weight of the polymer was 4900 glmol. 
PAESl polymers were also prepared with lower (1800 glmol) and higher molecular 
weights (9500 glmol) by varying the monomer feed ratio The polymers are referred to as 
PAES l(l8OO), PAES l(49OO) and PAES l(95OO) to reflect their different molecular 
weights. 
(b) Biphenol-basedpolymers (PAES2): Using the same apparatus described above 
4,4'-biphenol, 2 (1.64 g), 1,l'-sulfonylbis(4-ch1oro)benzene (2.34 g) and potassium 
carbonate (1.46 g) were dissolved in a mixture of NMP (10 mL) and toluene (10 mL). 
Reaction conditions and work up were similar to that described above. 2.94 g of PAES2 
were obtained in 90% yield. 
(c) HexaJuorobisphenol A-based polymers (PAES3): Using the same apparatus, 
hexafluorobisphenol A, 3 (1.64 g), 1,l I-sulfonylbis(4-ch1oro)benzene (1.26 g) and 
potassium carbonate (0.81 g) were dissolved in a mixture of 10 mL NMP and 10 mL 
Toluene. Reactions conditions and work up were similar to that described above. 1.91 g 
of PAES3 were obtained in 79% yield. 
3.2.4 Synthesis of Poly(ary1ene ether sulfone-block-vinylidene difluoride) 
P(AES-b-VDF) block copolymers were synthesized according to the scheme 
depicted in Figure 57. A typical polymerization was as follows: 0.2430 g (0.05 mmol) of 
the a ,d ihydroxy  bisphenol A-based PAES polymer, PAESl (M, = 4,900 glmol), and 
0.0600 g (0.05 mmol) of the a , d i b r o m o  fluoropolymer (PVDF) were dissolved in 5 
mL dry DMAc under nitrogen, and 0.005 g of NaH, 60% dispersion in mineral oil, added. 
The mixture was stirred for 6 h at room temperature. Following polymerization, 3 mL of 
DMAc was added to dilute the mixture, which was then filtered, and the solution poured 
into 30 mL methanol to precipitate the polymer. The polymer was filtered, washed with 
distilled water, washed with acetone, and dried at 50 OC under reduced pressure to yield 
0.244 g of P(AES-b-VDF) in 80% yield. Concentrations of reaction mixtures were 
modified for polymerization of the other a , d i h y d r o x y  PAES polymers. The polymers 
are generically referred to as P(AES1-b-VDF), P(AES2-b-VDF), and P(AES3-b-VDF) 
for bisphenol A-, 4,4'-biphenol-, and hexafluorobisphenol A-based polymers, 
respectively; and P[AES l(1800)-b-VDF], P[AES l(4900)-b-VDF], and P[AES 1 (9500)-b- 
VDF] for bisphenol A- based polymers having 3 different molecular weights of arylene 
ether sulfone segment. The molecular weight of the PVDF block was 1200 glmol in all 
cases. 
3.2.5 Sulfonation of P(AES-6-VDF) 
Sulfonation of bisphenol A polysulfone homopolymer (PSF) and PSF-b-PVDF 
block copolymer was carried out with (CH3)3SiS03CI, as depicted in Figure 58, using 
previously reported conditions [196]. The number average molecular weights of the 
polysulfone and PVDF blocks were 9,500 and 1,200 glmol, respectively. Briefly, 
trimethylsilyl chlorosulfonate was added to the polymer solution in CC13H and the 
mixture stirred for 24 hours at room temperature. An excess of sodium methoxide was 
added to cleave the silyl sulfonate intermediate, and obtain the sodium sulfonate form, 
which was dissolved in DMF and precipitated as its acidic form in 2 M HCI. 
Films were cast from DMF solutions, dried at room temperature for two days, and 
soaked in 2 M HCI solution for 48 hours to ensure complete protonation. Details of IEC 
and water uptake measurement are described in the experimental section of Chapter two. 
3.2.6 Measurement and Characterization 
FTIR spectra were recorded on a Bomen Michelson MB series 
spectrophotometer. NMR was performed on a 400 MHz Bruker AMX 400 spectrometer. 
Gel permeation chromatography (GPC) was conducted on a Waters model 510 HPLC 
equipped with p-Styragel columns using tetrahydrofuran as an eluant (1 mLImin), and 
polystyrene standards. A UV detector was used for poly(ary1ene ether sulfone) 
homopolymers and block copolymers, and a RI detector used for PVDF. Differential 
scanning calorimetry (DSC) of samples sealed in aluminum pans was performed using a 
TA Instrument-Q10. Heat-cool-reheat cycles were performed at 10 OC per min. Glass 
transition temperatures and melting points were reported for the second heating cycle. 
TGA curves of homo- and co-polymers were performed on a Shimadzu TGA-50 
thermogravimetric analyzer using a heating rate of 10 "C Imin under ambient atmosphere. 
Stability data are expressed as the temperature at which 10% weight loss of the polymer 
occurred. 
A Hewlett 8753A Network Analyzer was used to measure impedance spectra in 
the frequency range of 300 KHz to 1 GHz. The relative humidity was controlled with an 
ESPEC Temp. & Humidity Chamber, model SH-240. A more detailed description of the 
TEM technique is described in Chapter One but a simplified version follows. Polymer 
films (- 0.1 mm thick) were cast from THF solution, and embedded in Spurr's epoxy 
resin. Embedded films were sectioned with a Reichert OM3 microtome to yield -100 nm 
thick slices, which were exposed to ruthenium tetraoxide vapor for 4 hours. The Ru04 
staining solution was prepared in situ by dissolving 0.04 g RuCI3.3H20 (Aldrich) in 2 mL 
sodium hypochlorite solution (Aldrich) [56;57;195]. To enhance the contrast of the image 
AgN03 was used as a staining agent for the sulfonated block copolymers. Electron 
micrographs were taken with a Hitachi H7600 Transmission Electron Microscope using 
an accelerating voltage of 80 kV. 
This chapter describes work carried out in collaboration with Dr. Yunsong Yang: 
I prepared the a,o-dibromo poly(viny1idene fluoride), Dr. Yang synthesized the block 
copolymers and sulfonated polymers, and we performed the characterization. 
3.3 Results and Discussion 
3.3.1 Synthesis and Analysis of  a,a-Dibromo PVDF 
An important aspect of this work is the synthesis of a , d i b r o m o  PVDF. The 
mechanism of telomerization used to prepare such polymers is illustrated in Figure 59. 
The thermolytic decomposition of initiator, DTPB, to produce free radical tBuO. and 
CH3., is well documented [197]; as is their initiation of vinylidene fluoride. These radical 
fragments have been detected by 19~-NMR and 'H-NMR on DTBP-initiated PVDF [198]. 
In the case of telomerization, initiator radicals abstract a terminal bromine from 
dibromotetrafluoroethylene, which subsequent initiates the radical polymerization of 
VDF; the propagating PVDF radical is terminated at some later stage by chain transfer to 
form a,w-dibromo PVDF. The mono-bromotetrafluoroethylene radical produced from 
chain transfer proceeds to initiate a new chain of PVDF 
Initiation: 
Chain growth: 
BrCF2CF2 + n VDF - BrCF2CF2(VDF); 
 
Chain transfer: I 
BrCF2CF2(VDF),,- + BrCF2CF2Br - BrCF2CF2 + BrCF2CF2(VDF),Br 
Figure 59 Mechanism for the synthesis of a,w-dibromo PVDF by radical telomerization. 
A typical 'H-NMR spectrum of a,o-dibromo PVDF is shown in Figure 60. Peaks 
situated at 6 2.8-3.7 pprn are associated with head-to-tail (HT) structures of -cF~-CH~*- 
CF2- and -cF~-cH~*-cF~-B~ [50]. The sharp peak at 2.85 pprn is assigned to residual 
water. The broad group of signals at 2.4 pprn are due to head-to-head (HH) or tail-to-tail 
(TT) structures corresponding to -cH~*-CH~*-CF~- or cH~*-CH~*-CF~B~;  it is reported 
that PVDF prepared by radical polymerization comprises 3-6% HH or TT structures 
[199]. For the PVDF polymers synthesized in this work, the value is calculated to be 
1.5% as determined by integrating the NMR signals at 2.4 and 2.8-3.7 ppm. It is 
important to note the absence of 'H NMR peaks at 1 .OO ppm, and 1.77 ppm, due to cH3*- 
(CH2-CF2)- and cH3*-CF~-CH~-, both potential products of initiation by CH3. (which 
could arise due to H-chain transfer); the absence of peaks at 1.20 ppm, and 1.10 ppm, due 
to (cH*~)~co-CF~-CH~- and (cH*~)~co-CH~-CF~-, potentially formed via initiation by 
tBuO-; and the absence of peaks at 6.28 pprn due to H*CF~-, also potentially formed by 
H-chain transfer. These observations are indirect confirmations that only a,o-dibromo 
PVDF was obtained following purification. 
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Figure 60 NMR spectrum of a,&ibromo PVDF (in acetone-Da; S represents solvent). 
3.3.2 Synthesis and Analysis of PAES 
Poly(ary1ene ether sulfone)~ can be formed by a nucleophilic, aromatic 
displacement reaction between dihydroxyaromatic compounds and dichloroaryl sulfones. 
Displacement of chlorides in aromatic compounds is activitated by the sulfonyl moiety 
but the reactivity of bisphenol monomers decreases with increasing acidity of the phenol 
substituent. A dipolar aprotic solvent, such as DMSO, is recommended for the synthesis 
of bisphenol A- based polysulfones and high molecular weight polymers can be readily 
synthesized at 150- 160 "C [ 175;200]. However, the polymerization temperature should 
not fall below 150 "C, otherwise salt-terminated polymer precipitates on the reactor 
walls; if the temperature exceeds 160 "C, discoloration or gelation may occur [200]. In 
this work, a , d i h y d r o x y  bisphenol A- based poly(ary1ene ether sulfone) was 
synthesized via a potassium carbonate DMAc process [201]. 
The 'H NMR spectrum of PAES l(4900) is shown in Figure 6 1. The peaks at 1.69 
ppm are assigned to aliphatic protons of the isopropylidene group of bisphenol A; the 
doublet at 7.85 ppm, to protons ortho to the sulfone; the doublet at 7.24 ppm, to protons 
ortho to the isopropylidene group and meta to the ether linkage; the doublet at 7.00 ppm, 
to protons ortho to the ether and meta to the sulfone; and the doublet at 6.94 ppm, to 
protons ortho to the ether and meta to the isopropylidene group. The degree of 
polymerization, my was calculated from hlh2 = 4m/[6(m+l)] where hl and h2 are the 
integrals of peaks at 7.85 and 1.69 ppm, respectively. Similar measurements were 
successfully made on PAESl of lower and higher molecular weight, but a similar 
analysis of PAES2 and PAES3 could not be made because PAES2 was poorly soluble, 
and PAES3 did not yield ccresolvable" signals. Molecular weights for all polymers were 
estimated by GPC; these are listed in Table 11, and compared to data obtained by NMR 
analyses, where possible. 4,4'-Biphenol (2) and hexafluorobisphenol A (3) are more 
acidic than bisphenol A (1) and their resulting phenolates are correspondingly lower in 
nucleophilicity. Consequently, they are less reactive under similar conditions and lower 
molecular weight polymers were obtained. The presence of hydroxyl-terminated 
polymers was supported by FTIR spectra for all PAES polymers as evidenced of a broad 
absorption peak observed at 3400-3600 cm-I (see Figure 62). 
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Figure 61 'H NMR spectrum of PAESl(4900). 
Table 11 Reaction conditions for preparing PAES Polymers 
Diphenol Reaction Mn yieldsb 
Poly mera Solvent 
Monomer T (OC) Calculated GPC NMR (%) 
PAESl(1800) DMAc 150-160 1,500 1,800 1,900 86 
Bisphenol A 
1 PAES l(4900) DMAc 150- 160 5,000 4,900 4,600 92 
PAES l(9500) DMAc 150- 160 10,000 9,500 9,900 95 
Biphenol 
2 PAES2 NMP 150-160 5,000 4,100 -- 90 
Hexafluoro 
bisphenol A PAES3 NMP 150-160 5,000 3,300 -- 79 
3 
a: number in parenthesis refers to GPC-determined Mn 
b: based on I, l'-sulfonylbis(4-chloro)benzene(dichlorodiphenylsulfone) (DCDPS) 
I 
3550 3050 2550 2050 1550 1050 550 
Wavenumber (cm-1) 
Figure 62 FTIR spectra for a,o-diphenol-telechelic PAES. 
3.3.3 Sythesis of P(AESd-VDF) 
Polycondensation of the a,o-terminated PAES and PVDF polymers was carried 
out using NaH. Figure 63 shows GPC curves of the a , d i b r o m o  PVDF polymer, 
PAES1(4900), and the corresponding block copolymer. They illustrate the increase in 
molecular weight of the polymer upon polycondensation. The molecular weight of the 
block copolymer was dependent on the polymerization solvent. Table 12 lists M, values 
of polymers prepared in DMAc, NMP, and DMSO. The highest molecular weight 
polymer, and highest yield, was obtained in DMAc. The origin of this is uncertain but 
may be due to the difference in solubility of the precursor polymers and block copolymer 
in the different solvents [202]. The molecular weight of the other block copolymers are 
listed in Table 12. For the synthesis of P(AES2-b-VDF), NMP was used as the solvent 
because P(AES2) is sparingly soluble in DMAc and DMSO. The molecular weight of 
P(AES2-b-VDF) and P(AES3-b-VDF) were lower than that of P(AES1-b-VDF). This 
could be associated with the different reactivity of the telechelic PAES polymers that are 
terminated with phenol groups of different acidity. 
16 18 20 22 24 26 28 30 32 
Retention time(minutes) 
Figure 63 GPC curves of (a) P[AES1(4900)-b-VDF], (b) PAES1(4900), and (c) a,* 
dibromo PVDF. 
Table 12 Molecular weight and yields of poly(AES-b-VDF) block copolymers, Molecular 
weight of PVDF segment is 1,200 g/mol 
c: determined by integrating NMR signals at 7.9 and 2.5-3.0 ppm 
PAES 
PAES l(1800) 
PAES l(4900) 
PAES l(9500) 
PAES2(4 100) 
PAES3(3300) 
a: measured by GPC 
b: polydispersity index 
Reaction solvent 
DMAc 
DMAc 
NMP 
DMSO 
DMAc 
NMP 
DMAc 
Poly(AES-b-PVF) 
M: 
10,200 
21,000 
9,600 
13,100 
22,400 
9,200 
8,000 
PDI 
2.10 
2.49 
1.82 
1.98 
1.94 
2.12 
2.17 
Yields 
(%) 
75 
80 
5 6 
63 
7 8 
62 
60 
PAES(wt%) in 
copolymerC 
80 
89 
-- 
-- 
95 
9 1 
86 
3.3.4 Characterization of P(AES-6-VDF) 
The structure of the block copolymers was confirmed by their 'H NMR spectra, 
shown in Figure 64. The existence of the broad peaks between 2.5-3.0 ppm, and the 
multiple peaks between 6.9 and 8.0 ppm, for all block copolymers, verify the 
incorporation of PVDF and PAES segments, respectively. Assignment and labeling of the 
NMR peaks is shown in Figure 64. 
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Figure 64 NMR spectra of (a) P(AES1-6-VDF), (b) P(AES2-6-VDF), and (c) P(AES3-b- 
VDF) in CDCb. S represents solvent. 
DSC traces of the a , d i b r o m o  PVDF and a commercial sample of a much higher 
molecular weight PVDF (Aldrich, M, = 530,000 glmol) are shown in Figure 65. The 
commercial polymer exhibits a melting transition at 160 O C ,  with an onset of melting at - 
80 "C, and weak glass transitions at 45 and -37 "C. The melting point of PVDF 
reportedly varies because of its polymorphic nature, but generally lies between 155 and 
190 "C [202;203]. Additional thermal transitions at - 90, 50, -35, and -70 "C are also 
reported for PVDF [204;205]: the 90 "C peak being related to crystalline regions and the 
50 and -35 OC peaks to amorphous regions. The -70 "C peak, associated with short-range 
motion, is usually not observed by DSC [199], and was not observed in our 
measurements. The melting point of a , d i b r o m o  PVDF is 68 "C (with a shoulder peak 
at 54 "C), which is 92 degrees lower than commercial PVDF. No additional transitions 
were observed between -95 to 175 "C. The low melting point of a , d i b r o m o  PVDF is a 
consequence of its much lower molecular weight. 
-95 -45 5 55 105 155 
Temperature ("C) 
Figure 65 DSC curves of (a) a,&ibromo PVDF, (b) commercial PVDF (M.=530,000 
glmol). 
DSC traces of PAESl and the corresponding block copolymers are shown in 
Figure 66 and Figure 67, and the melting and glass transition temperatures provided in 
Table 13. The thermal transitions of PAES are dramatically affected by its molecular 
weight: T, values are 122, 136, and 182 "C for PAES 1 having molecular weights of 1800, 
4900, and 9500 glmol, respectively. T, of a commercial PAESl analog (Aldrich, 
M,=26,000 glmol), shown in Figure 66 for comparison, is 189 "C, indicating that only 
PAESl(9500) can be considered truly polymeric. 
50 100 150 200 250 
Temperature ("C) 
Figure 66 DSC curves of (a) commercial bisphenol A- based PAES (M,= 26,000 glmol); (b) 
PAESl(9500); (c) PAESl(4900); (d) PAESl(1800). 
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Figure 67 DSC curves of (e) P[AES1(9500)-6-VDF]; (f) PAESl(4900)-b-VDF]; (g) 
P[AES1(1800)-6-VDF]. 
P[AES l(1800)-b-VDF] and P[AES 1 (4900)-b-VDF] copolymers exhibit broad 
transitions 60 "C and 54 "C, respectively, which are assigned to melting of the PVDF 
segments. The melting transition of P[AES1(9500)-b-VDF] could not be accurately 
determined because of the relatively small percentage of VDF in the polymer. The glass 
transition temperature of the PAES domain in P[(AES1(9500)-b-VDF] and 
P[AES1(4900)-b-VDF] could be readily observed at 167 and 105 "C, respectively. These 
values are 15 and 3 1 "C lower than the corresponding PAES precursor polymers due to 
the influence of the flexible PVDF domains. The lowering of the T,, with respect to the 
precursor, becomes more significant the larger the molar ratio of PVDF to PAES. Using 
this observation, Tg of the PAES domain in P[AES l(1800)-b-VDF] should be lowered by 
more than 3 1 "C, compared to the PAESl(1800) homopolymer. However, since T, of 
PAESl(1800) is 122 "C, the transition in the copolymer is expected to overlap the 
melting transition of the PVDF segment. This, coupled with the much lower molecular 
weight, and hence lower weight content, of the arylene ether sulfone segment implies that 
this particular transition would be very difficult to distinguish; as indeed is the case. 
Table 13 Thermal Properties of block copolymers and precursor polymers 
a: not applicable 
b: not observable 
c: masked by melting transition 
Polymer 
a,o-dibromo PVDF 
PAES l(1800) 
PAES 1 (4900) 
PAES l(95OO) 
Poly[AES1(1800)-b-VDF] 
Poly[AES 1 (4900)-b-VDF] 
The thermal stability of the precursor and block copolymers was examined by 
TGA. Figure 68 shows TGA curves for a , d i b r o m o  PVDF, commercial PVDF, 
PAES 1 (49OO), PAES 1 (95OO), P[AES 1 (4900)-b-VDF], and P[AES l(95OO)-b-VDF]. a,* 
Dibromo PVDF exhibits the lowest thermal stability, Tlo% loss = 299 OC, due to its low 
molecular weight and high bromine content (13.3% by elemental analysis). It is reported 
that PVDF homopolymer is stable up to 375 OC in air, whereupon rapid thermal 
decomposition takes place with the evolution of HF [194]. In our measurement, 
commercial PVDF homopolymer was stable up to 362 "C in air, with Tlo% loss -420 OC. 
Tlo% loss values for PAES l(49OO) and PAES l(95OO) are 450 "C and 5 18 "C, respectively. 
Tlo% loss for bisphenol A-based polysulfone are reported to be 507 "C[175]. The lower 
stability of the PAES l(4900) is most likely due to its lower molecular weight and higher 
Tm ("C) 
6 8 
a 
-- 
a 
-- 
a 
-- 
60 
54 
Tg(OC) 
-- b 
122 
136 
182 
-- c 
105 
percentage of phenolic ends groups. Tlo% loss values for P[AESl(4900))-b-VDF] and 
P[AESl(9500))-b-VDF] are 437 and 460 "C, for respectively. Thus the block 
copolymers show similar thermal stability to the PAESl polymers, higher stability than 
PVDF homopolymer, and much higher stability than a , d i b r o m o  PVDF. 
Temperature ("C) 
Figure 68 TGA curves of (a) PAESl(9500); (b) P[AES1(9500)-6-VDF]; (c) PAESl(4900); 
(d) P[AES1(4900)-6-VDF]; e): commercial PVDF (M,=530,000 glmol); (0 a , d i b r o m o  
PVDF. 
Preliminary studies of the morphology of the block copolymers in the solid state 
were undertaken. Figure 69 shows TEM micrographs of P[AESl(l800))-b-VDF], and 
P[AES 1 (4900))-b-VDF] copolymers; and for comparison, a commercial PAES 1 analog 
(Aldrich, M, = 26,000 glmol), the latter illustrating a homogeneous morphology. The 
dark and light regions of the TEMS of the copolymers correspond to the "stained" 
arylene ether sulfone and "unstained" vinylidene fluoride regions, respectively. Phase 
separation occurs in the block copolymers. The percentage of dark region increases with 
the increase of polysulfone block length, which is consistent with an increase in "stained" 
aromatic content. It was reported that block copolymers may self-assemble into a variety 
of ordered microstructures, such as spheres, lamellae, cylinders [2;206]. However, no 
ordered microstructures were observed in the present case. The reason for this could be 
due to the relatively low molecular weight of the a , d i b r o m o  PVDF segments, which 
results in short blocks and low mole fraction of PVDF [2]. 

3.3.5 Sulfonation of P(AES-b-VDF) 
Trimethylsilyl ~hlorosulfonate[(CH~)~SiSO~C1] was used in the sulfonation of 
bisphenol A polysulfone homopolymer (PSF) and PSF-b-PVDF block copolymer, 
depicted in the mechanism shown in Figure 58. The number average molecular weights 
of the polysulfone and PVDF segments in the block copolymer were 9,500 and 1,200 
g/mol, respectively. The sulfonation was carried out at room temperature for 24 hours as 
the reported conditions [I 961. Molar ratios of sulfonation agent to polymer were varied to 
obtain polymers bearing different degrees of sulfonation. Compositions of sulfonated 
homopolymers (SPSF) and block copolymers SPSF-b-PVDF, their water uptake (22 "C) 
and conductivity data (at 30 OC, 95% RI-I) are listed in Table 14 and Table 15, 
respectively. 
Table 14 Sulfonation of PSF and properties of S-PSF 
Sample 
1 
2 
3 
4 
5 
6 
7 
8 
a: [Sulfonation agent]/[Repeating unit] 
b: calculated according to reference [177] 
C: h = [H20]/[SO3H] 
d: 30 "C, 95% RH 
IEC(mmol/g) DS Water 
uptake (%) 
15 
2 1 
2 5 
3 0 
' Titration NMRb Titration 
1.4 0.83 0.8 1 0.41 
1.7 1.07 1.19 0.53 
2.0 1.25 1.33 0.61 
2.2 1.43 1.44 0.70 
NMRb 
0.40' 
0.59 
0.65 
0.7 1 
kc 
10.0 
10.9 
11.1 
11.7 
x l o 3  
(s/cmld 
0.817 
1.85 
4.38 
9.89 
Table 15 Sulfonation of PSF-b-PVDF and properties of SPSF-b-PVDF 
--- - - - - - 
a: [Sulfonation agent]/[Repeating unit of polysulfone block] 
b: calculated from the weight content of polysulfone block and 'H NMR according to reference 
11771 
C: h = [H20]/[S03H] 
d: 30 "C, 95% RH 
3.3.6 IEC and Water Content of P(AES-b-VDF) 
The degree of sulfonation (DS) of the homopolymer and copolymer was readily 
controlled by the ratio of the sulfonating agent to the polysulfone repeat unit, and varied 
between -0.4 and 1. Analysis by titration and NMR gave consistent results. IEC values 
(listed in Table 14 and Table 15) varied between -0.8 and -2.0 mmollg for the 
homopolymer and between -0.8 and -2.2 mmollg for the block copolymer. Water 
uptake varied from 15% to 76%, and 14 to 77%, for the corresponding homopolymers 
and copolymers; while lambda values (h= [H20]I[SO3H]) were 10-18 and 10-20, 
respectively. The lambda values are smaller than observed for Nafion 11 7 but similar to 
other polyarylenes for the range of IEC examined. Overall, the two series possessed 
similar ranges in IEC, water uptake and lambda, and varied only in the absence or 
presence of fluoropolymer blocks. 
3.3.7 Conductivity and Morphology of P(AES-6-VDF) 
The difference in proton conductivity between SPSF and SPSF-b-PVDF polymers 
of similar IEC is illustrated in Figure 70. The plot indicates that in the low IEC regime 
the SPSF 1 -b-PVDF copolymers exhibit higher proton conductivity than the 
homopolymers. For the lowest IEC polymer, this conductivity is enhanced by a factor of 
four. This enhancement was maintained when the temperature was raised to 80 OC (at 
95% RH)- data not shown. As the IEC increases the conductivity increases, but the 
difference in conductivity between the two series diminishes. Above 1.4 mmollg the 
conductivities of the two series are similar. In comparing low IEC copolymers and 
homopolymers we note that for a given degree of sulfonation, the IEC values are similar, 
as are water contents and 3L values. Thus, differences in proton conductivity are not 
associated with differences in 1, which can exert a strong influence [ I  461. 
0.5 0.8 1.1 1.4 1.7 2 2.3 
IEC (mmollg) 
Figure 70 Dependence of proton conductivity on IEC for S-PSF and SPSF-6-PVDF 
membranes. 30 OC, 95% RH. 
TEM analysis was performed on -100 nm thick slices of ultramicrotomed A ~ +  
stained SPSF and SPSF-b-PVDF membranes (Figure 71). Dark regions are assigned to 
localized domains of ionic -S03Ag; lighter regions, to non-ionic. Figure 7 la  and b show 
TEMs for high IEC membranes: SPSF (1.55 mmol/g) and SPSF-b-PVDF (1.62 mmol/g), 
respectively. Ionic aggregates are observed in both samples; however, the size of the 
aggregates are smaller for the block copolymer ( -7 nm Vs -1 1 nm). Ionic aggregates are 
also observed for low IEC polymers (Figure 71 c and d). Both SPSF and SPSF-b-PVDF 
exhibit ionic aggregates, but in addition, the block copolymer possesses larger regions of 
ionic aggregation. These large phase separated features have precedence in the literature: 
for example, two types of microphase separation are reported present in perfluorinated 
ion exchange polymers: microphase separation and association of ionic groups, the latter 
forming ion multiplets or ion clusters [122;207]. In other work, on polymer blends of 
sulfonated polymers, they are simply referred to as being are sulfonate-rich [208]. It 
appears in the present work these 50-200 nm size domains are the result of gross phase 
separation of ionic and non-ionic regions. The enhancement in conductivity of the block 
copolymers is judged to be due to the presence of the fluoropolymer block, which 
promotes the formation of ionic aggregates and the formation of an ionic network - in a 
IEC domain where a percolation network is not saturated. Why the high IEC block 
copolymers did not exhibit a similar morphology is difficult to answer but the presence or 
absence of these gross features is likely due to the delicate balance between hydrophilic 
and hydrophobic volume fractions, the ratio of block lengths and the surface energy 
difference between the existing domains [2;206]. For higher IEC membranes, where the 
concentration of acidic sites is relative high, the lambda values much higher, and the 
network of ions fully formed, the presence or absence of the relatively small 
fluoropolymer segment has little effect on conductivity. 

than Sample 1, Table 15 and similar to the sulfonated homopolymer (Sample I ,  Table 
14). Inspection by TEM (not shown) shows the existence of small ionic aggregates but 
the absence of the larger phase separated structures is illustrated in Figure 7 1 d. 
It is tempting to speculate that the enhanced conductivity of the aforementioned 
block copolymers in the low IEC range is due to the presence of the microstructures 
observed in Figure 71 d as has been suggested for other polymer systems [209]. It may 
be that larger aggregates allow for higher lambda values and hence transport protons 
more efficiently, but more evidence is required to support this. However, this speculation 
should be tempered by the fact that TEMs are, by necessity, observed under vacuum, 
with the membrane in its dry state; the nanostructure of membranes has been shown to 
undergo substantial change upon hydration [2 101. 
3.4 Conclusions 
A new class of block copolymer is described that is based on sequences of rigid 
poly(ary1ene ether sulfone) and flexible poly(viny1idene fluoride). The polymers possess 
excellent thermal stability, and thermal transitions of fluoro- and non-fluoropolymer 
domains clearly indicate phase separation of both constituents. The presence of the 
PVDF block lowers the glass transition temperature of the poly(ary1ene ether sulfone) 
domain. The extent of the decrease is commensurate with mole fraction of PVDF. 
Electron microscopy supports the existence of a phase-separated morphology, although 
the PVDF blocks are too short to induce classical biphasic morphologies. Future work 
will be directed towards examining the effect of the fluoropolymer segment on the 
physical properties of pol(arylene ether sulfones). 
Proton conductivity of sulfonated polysulfones possessing relatively lower IEC 
can be enhanced by block copolymerization with PVDF oligomer. It is speculated that 
this is due to greater phase separation having size domains greater than typical ionic 
aggregation. It is predicted that proton conductivity of SPSF can be further enhanced in a 
wider range of IEC by incorporating longer blocks of PVDF; unfortunately, the radical 
telomerization method used to prepare dibromo-telechelic PVDF oligomers limits the 
molecular weight to 1,200 glmol. Attempts to synthesize higher molecular weight PVDF 
oligomers and corresponding block copolymers are warranted in order to further 
elucidate the role of phase separation on proton conductivity. 
EXECUTIVE SUMMARY 
A new strategy for the preparation of fluorine-containing block copolymers using 
a combination of chain transfer radical polymerization and atom transfer radical 
polymerization has been demonstrated by the synthesis of poly([vinylidene difluoride-co- 
hexafluoropropylene]-b-styrene) block copolymers, P[VDF-co-HFPI-b-PS. This 
synthetic strategy allows the molecular weight of both block segments to be controlled, 
and thus, a systematic variation of the ratio of the block segments was achieved. In 
addition, this synthetic approach allows the molecular weight of the fluoropolymer 
segment to be adjusted from 2,000 to 25,000 glmol, which is significantly higher than 
that obtained by the telomerization approach (M, < 2,500 glmole) reported in the 
literature. 
In addition to P[VDF-co-HFPI-b-PS membranes, another class of fluorine 
containing block copolymer, based on poly(ary1ene ether sulfone) and poly(viny1idene 
fluoride), (PSF-b-PVDF), was prepared by polycondensation of a , d i h y d r o x y  
bisphenol, polysulfone precursors and a , d i b r o m o  polyvinylidene fluoride. The two 
classes of polymer were subsequently sulfonated and acidified, and cast into proton 
exchange membranes. 
By systematically varying the ratio of the block segments or degree of sulfonation 
in both classes of polymer, incremental changes in polymer morphology was achieved 
and its influence on the proton conductivity was investigated. When block copolymer 
membranes are compared to random copolymer analogues, the former are found to 
exhibit significantly higher proton conductivity. Comparing the fluorous block 
copolymers, i.e. P[VDF-co-HFPI-b-PS series, with several non-fluorous block copolymer 
membranes reported in the literature, it is found that the former exhibit higher proton 
conductivity, which is attributed to an organized interconnecting network of ionic 
domains. This leads to the conclusion that block copolymer structures and fluoropolymer 
segments facilitate the formation and connectivity of an ion cluster morphology which 
results in an enhancement of proton transport. 
The industrial standard for proton exchange membranes is ~ a f i o n @  (DuPont), and 
is based on a random copolymer prepared from tetrafluoroethylene (TFE) and 
perfluorinated alkenes bearing functional groups. The result of this thesis indicates that a 
proton conducting membrane based on block structures of perfluorosulfonic acid is likely 
to exhibit higher proton conductivity than Nafion. A design of a perfluorinated block 
copolymer membrane is proposed for future development of proton conducting materials: 
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